Julio Olivier 
  
Marie Gaëlle 
  
Clément N Clément G David 
  
Morgane Nicolas Clara 
  
Alexandre 
  
Wiki 
  
Momo Pierre Mikaël 
  
Antoine K Camille 
  
Tatiana Cerise 
  
Antoine Chloé 
  
Anaëlle, Clément D Alain Ld 
  
Yves-Marie Kevin 
  
Stéphane, Christophe Guillaume C Victor 
  
Hervé Yves Bastien 
  
Isa Benjamin 
  
Erwan, Florent, Max, Yohann Delphine Fanny 
  
Anthony J William 
  
Françoise Arnaud Kevin 
  
Et Tout Spécialement Hervé 
  
  
  
  
  
  
CNT: Carbon Nano Tube CNP: Carbon Nano Particle

Keywords: Carbon Fibre Reinforced Epoxy CFRP, Carbon Fibre Reinforced Polymer Farad FBG, Fibre Bragg Grating Glass Fibre Reinforced Epoxy GFRP, Glass Fibre Reinforced Polymer Quantum Resistive Sensor TRL, Technology of Readiness Level ν Poisson ratio σ stress
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I.1 Background

Over the last decade, the need for fibre reinforced polymers (FRP) has more than doubled and this growth is expected to continue particularly in the field of civil engineering, transport or defence. Additionally, the need for carbon fibre reinforced polymers should rise from 101 to 175 10 6 kg between 2016 and 2021 [START_REF] Witten | Composites Market Report 2015 Market developments, trends, outlook and challenges[END_REF][START_REF] Das | Global Carbon Fiber Composites Supply Chain Competitiveness Analysis Global Carbon Fiber Composites Supply Chain Competitiveness Analysis[END_REF] due to the better mechanical properties/weight ratio of composites compare to others materials such as metals for instance, which enables the construction of lighter structures.

At the same time, the necessity to decrease carbon emissions resulting from the use of fossil energies is requiring to strongly develop renewable energy worldwide [START_REF] Burck | Climate Change Performance Index Results[END_REF]. In 2015, The COP 21 agreed to achieve balance between the carbon emission and the removals by sinks of greenhouse gases [START_REF]United Nation Framework Convention on Climate Change, Adoption of the Paris agreement: Proposal by the President to the United Nations Framework Convention on Climate Change[END_REF]. In France, the growing interest for renewable energies can be seen at every level, and the political will depicts this change [START_REF] Valls | Décret no 2016-1442 du 27 octobre 2016 relatif à la programmation pluriannuelle de l'énergie[END_REF]: for instance it is planned to increase on-shore wind farms from 9.3 GW (2014) to 26 GW (2023), as well as photovoltaic panels from 5.3 GW (2014) to 20.2 GW (2023), and finally to develop the off-shore wind farms up to 3 GW in 2023. This current interest in renewable energies is not episodic, but expresses the will to include them more and more in the global energy mix. The French environmental agency (ADEME) estimated that in 2050, an electricity mix with only renewable energies could be more economically sustainable than all other existing proposition [START_REF] Fournié | Vers un mix électrique 100% renouvelable en 2050[END_REF].

To follow this wind energy growth, the size of wind turbine evolves continuously. In the early 80's the blade length was 7.5 m, while it reaches 80 m nowadays, and could be larger than 100 m in 2030 [START_REF] Islam | Progress and recent trends of wind energy technology[END_REF][START_REF] Kumar | Wind energy: Trends and enabling technologies[END_REF]. To secure a continuous and powerful wind flow, the turbines are designed for more severe environment, and implanted off-shores further from the coast. The lifetime of these structures is also expected to be improved, targeting less systematic maintenance. Nowadays, composites materials are crucial for the fabrications of wind turbines blades, usually made of glass fibres assembled with an epoxy matrix. However, composites are anisotropic or orthotropic materials, and their failure is a combination of various mechanisms like matrix cracking, delamination, fibre breakage, or interfacial debonding [START_REF] Jones | Mechanics of composite materials[END_REF].

Hence, the damage initiation and propagation remains difficult to predict. The detection of damages along with undergone strain could promote a better prediction of the ultimate failure of the structure, thus leading to the reduction of maintenance cost. For instance, among the current total cost of on-shore wind turbines reaching more than 1 M€/MW, about 10 % is induced by maintenance [START_REF]Etat des coûts de production de l'éolien terrestre en France Analyse économique[END_REF], and the transition to off-shore plants could increase this cost to nearly 30 % [START_REF]The tide turns on offshore maintenance costs[END_REF][START_REF] Castro-Santos | Floating Offshore Wind Farms[END_REF].
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In this context, a Structural Health Monitoring (SHM) system, which would provide clues about the material's health state, comes out like a very interesting tool [START_REF] Schubel | Review of structural health and cure monitoring techniques for large wind turbine blades[END_REF][START_REF] Balageas | Structural Health Monitoring[END_REF][START_REF] Huston | Structural Sensing, Health Monitoring, and Performance Evaluation (Series in Sensors)[END_REF][START_REF] Farrar | An introduction to structural health monitoring[END_REF]. SHM systems have multiple objectives, such as allowing an optimal use of the structure, decreasing the downtime, and avoiding catastrophic failure. It should also help to replace the scheduled and periodic maintenances by performance based inspections; as well as to reduce the human involvement for less labour, human errors, and therefore higher reliability.

Among these requirements, such systems should provide a non-destructive evaluation of strain, damages and failures in the structure. SHM involves the integration of sensors or sensing elements within the composite structure for prediction, localisation, assessment and evaluation of various damages induced in the composites materials. It would therefore help to avoid the structure downtime, and the cost of maintenance. The interest for SHM is displayed in various fields: aeronautics [START_REF] Giurgiutiu | Structural Health Monitoring of Aerospace Composites[END_REF][START_REF] Nicolas | Large Scale Applications Using FBG Sensors: Determination of In-Flight Loads and Shape of a Composite Aircraft Wing[END_REF][START_REF] Wang | Nanocomposite Fabric Sensors for Monitoring Inflatable and Deployable Space Structures[END_REF][START_REF] Boukabache | Toward Smart Aerospace Structures: Design of a Piezoelectric Sensor and Its Analog Interface for Flaw Detection[END_REF][START_REF] Giurgiutiu | Other Sensors for SHM of Aerospace Composites[END_REF], energy [START_REF] Schubel | Review of structural health and cure monitoring techniques for large wind turbine blades[END_REF][START_REF] Mitra | Guided wave based structural health monitoring: A review[END_REF][START_REF] Martinez-Luengo | Structural health monitoring of offshore wind turbines: A review through the Statistical Pattern Recognition Paradigm[END_REF][START_REF] Beganovic | Structural health management utilization for lifetime prognosis and advanced control strategy deployment of wind turbines: An overview and outlook concerning actual methods, tools, and obtained results[END_REF], or civil engineering [START_REF] Diez | A clustering approach for structural health monitoring on bridges[END_REF][START_REF] Schulz | Static and dynamic testing of bridges and highways using long-gage fiber Bragg grating based strain sensors[END_REF][START_REF] Tennyson | Structural health monitoring of innovative bridges in Canada with fiber optic sensors[END_REF][START_REF] Li | Recent applications of fiber optic sensors to health monitoring in civil engineering[END_REF][START_REF] Mangadlao | Smart cements and cement additives for oil and gas operations[END_REF][START_REF] Kong | Development of a Structural Health Monitoring (SHM) Guidebook for Critical Bridge Structures[END_REF][START_REF] Dong | Bridges Structural Health Monitoring and Deterioration Detection -Synthesis of Knowledge and Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel[END_REF]. Since the first construction of bridges equipped with monitoring devices in the 70' [START_REF] Yun | Recent R&D activities on structural health monitoring for civil infrastructures in Korea[END_REF], SHM market gains momentum and expects an annual growth of nearly 25 % between 2015 and 2020. In 2020, it could reach 1.89 billion dollars [START_REF]Structural Health Monitoring (SHM) Market by Technology, by Solution Type, by Application, and by Geography -Global Trend & Forecast to 2020[END_REF].

Over the past decades various conventional SHM technics were developed like strain gauges, piezo-resistive sensors, optical fibre sensors, Eddy-current sensors, and acoustic sensors.

However, these kinds of sensors usually suffer from performance degradation over time due to temperature, moisture effects, or wiring issues [START_REF] Huston | Structural Sensing, Health Monitoring, and Performance Evaluation (Series in Sensors)[END_REF][START_REF] Ettouney | Infrastructure health in civil engineering[END_REF] that are not correlated to the structure mechanical properties changes. These observations confirm the need for more reliable sensors, with clear correlation between the change in the structure and the output signal. This challenging task has recently raised interest in the research community, particularly since the discovery of new nanoparticles such as carbon nanotubes [START_REF] Iijima | Helical microtubules of graphitic carbon[END_REF][START_REF] Radushkevich | About the structure of carbon formed by thermal decomposition of carbon monoxide on iron substrate[END_REF].

Therefore, conductive nans composites obtained by the dispersion of such nano fillers into a polymer matrix, have led to the development of promising self-sensing materials [START_REF] Robert | Sensing skin for strain monitoring made of PC-CNT conductive polymer nanocomposite sprayed layer by layer[END_REF][START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF][START_REF] Gao | Coupled carbon nanotube network and acoustic emission monitoring for sensing of damage development in composites[END_REF][START_REF] Gao | Sensing of Damage Mechanisms in Fiber-Reinforced Composites under Cyclic Loading using Carbon Nanotubes[END_REF][START_REF] Wichmann | Piezoresistive response of epoxy composites with carbon nanoparticles under tensile load[END_REF][START_REF] Böger | Load and health monitoring in glass fibre reinforced composites with an electrically conductive nanocomposite epoxy matrix[END_REF][START_REF] Sebastian | Health monitoring of structural composites with embedded carbon nanotube coated glass fiber sensors[END_REF][START_REF] Gojny | Influence of nano-modification on the mechanical and electrical properties of conventional fibre-reinforced composites[END_REF].

Thanks to their unique mechanical [START_REF] Gojny | Influence of nano-modification on the mechanical and electrical properties of conventional fibre-reinforced composites[END_REF][START_REF] Treacy | Exceptionally high Young's modulus observed for individual carbon nanotubes[END_REF], thermal [START_REF] Fidelus | Thermo-mechanical properties of randomly oriented carbon/epoxy nanocomposites[END_REF][START_REF] Gojny | Evaluation and identification of electrical and thermal conduction mechanisms in carbon nanotube/epoxy composites[END_REF] and electrical properties [START_REF] Gojny | Influence of nano-modification on the mechanical and electrical properties of conventional fibre-reinforced composites[END_REF][START_REF] Ebbesen | Electrical conductivity of individual carbon nanotubes[END_REF],

carbon nanotubes (CNT) are one of the leading candidates for the development of nano composites. Since nano fillers can be structured into a 3D conductive network within the insulating polymer matrix, the resistance variations of this network upon mechanical solicitations can be used to detect and measure the deformation and eventual damages undergone by the composite [START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF][START_REF] Pillin | Robustness of carbon nanotube-based sensor to probe composites' interfacial damage in situ[END_REF][START_REF] Levin | Flexible latex-polyaniline segregated network composite coating capable of measuring large strain on epoxy[END_REF][START_REF] Thostenson | Real-time in situ sensing of damage evolution in advanced fiber composites using carbon nanotube networks[END_REF]. Furthermore, the use of such smart materials leads to a perfect concordance between the durability of the host structure and the nano composite
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I.2 EVEREST project

Alstom-General Electric (Alstom-GE) is one of the leading companies in France in the fabrication of wind turbines for off-shore plants. The company is about to assemble and install its new 6 MW wind turbine this year (2017) [START_REF] Eolien Offshore | L'usine GE de Montoir monte progressivement en puissance[END_REF]. Its rotating part has a diameter of 150 meters and it will be installed on a floating base where the water depth is about 300 meters at a distance from the coast up to 15 km. Alstom-GE is therefore looking for an improvement of the mechanical properties of wind turbine blades' together with a monitoring of their durability in order to reduce both the risks of failure and the maintenance costs. In this context, Alstom-GE in partnership with Europe Technologies (ET), the Institut Français des Sciences et Technologies des Transports, de l'Aménagement et des Réseaux (IFSTTAR), the Ecole Nationale Supérieur d'Arts et Métiers (ENSAM), the University of Rennes 1, the University of South Brittany (UBS), and the Institut de Recherche Technologique Jules Verne (IRT) gathered themselves in the EVEREST project. Part of this project focuses on the improvement of the mechanical properties of large laminated composite structures for blades.

Another part deals with the SHM of the structure through the use of optical fibres, acoustic sensors, and the herein proposed strain and damage Quantum Resistive Sensors (QRS). In the conclusive part of the project the partners entend to to produce a 1/8 th tidal turbine blade equipped with sensors networks, that could be tested on a large scale mechanical testing bench, to demonstrate the possible use of QRS in industrial environments.

I.3 Outline of the thesis

The aim of this Ph. D. thesis, as part of the EVEREST project, is to pursue the development of QRS for wind turbine applications. The QRS designed in the Smart Plastics Group at UBS, have already demonstrated at the laboratory scale, their ability to sense strain, damage like failure propagation or impacts, and fatigue [START_REF] Robert | Développement de senseurs par l'intégration de nanoComposites Polymères Conducteurs (CPC) pour le suivi de déformation et d'endommagement des structures composites[END_REF][START_REF] Nag-Chowdhury | Conductive Polymer nanoComposite Quantum Resistive strain Sensors for structural composites' damage monitoring[END_REF]. One part of the thesis is thus dedicated to go further in the understanding of the behaviour QRS as a SHM sensor, especially when implanted in wind turbine blades. A second part is focused on the evolution of QRS electrical properties during the curing of the thermoset based materials will encounter curing cycle during their process. A third part is dedicated to their characterisation upon specific events and to the scaling-up of QRS from the lab-scale to an industrial environment, to prepare for their integration in a 1/8 blade demonstrator as the final objective of the EVEREST project.
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The following Chapter II describes the state of the art. The review first focuses on the existing SHM techniques for thermoset based wind turbine blades composites. An overview of strain and damage self-sensing materials is then presented. Different strategies are discussed, from the design of conductive composites such as carbon fibres reinforced polymers, to the elaboration of conductive nano-reinforced polymer composites. The origins of sensing mechanisms along with the percolation theory applied to nano fillers dispersed in polymer matrices are detailed. The chapter is concluded by future prospects of the sensing strategy presented and possible development toward commercial products.

Chapter III investigates the resistive behaviour of CNT filled epoxy nano composite sensors during isothermal curing. The influence of the dynamic percolation and the epoxy crosslinking reaction on the resistance is examined. The relationship between the curing state of the resin and the evolution of the sensor's resistance is investigated. Then the use of the sensor as a probe during the manufacturing process is discussed.

Chapter IV investigates the effect of external parameters on QRS characteristics. The QRS nano-mechanical properties are studied. The influence on the QRS piezo-resistive behaviour of mechanical strain, composite fibres orientation, strain rate, temperature and humidity are also discussed.

Chapter V focuses on the QRS piezo-resistive behaviour once embedded in the composite part, then towards specific scenarios, including cyclic solicitation (fatigue), varied intensity impact, sequences of impacts, and near drilled hole or bonded joint areas. The performances of QRS are compared with metallic gauges, optical fibres, and acoustic emission sensors. An up-scaling of the QRS concept toward industrial process is also proposed.

General conclusion:

This chapter summarises the different contributions of this work in the field of structural health monitoring of structural composites study along with the suggestions of future possible improvements.

Appendix: To facilitate the understanding of QRS sensors and composites fabrication, some manufacturing details have been described and a complete description of experimental techniques and procedures has been provided. Moreover, the main characteristics of the different techniques of physico-chemical, morphological and electrical characterisations are

II.1 Introduction

Over the past 15 years, the part of wind energy electricity in the European Union has grown from 2.4 % in 2000 to 11.4 % in 2015, with more than a 10 times increase of the produced capacity [START_REF] Martinez-Luengo | Structural health monitoring of offshore wind turbines: A review through the Statistical Pattern Recognition Paradigm[END_REF]. Nowadays, the wind turbines are mostly setup on-shore. The off-shore wind turbine (OSWT) development is a promising way to produce a larger and more constant energy. Structural Health Monitoring (SHM) of wind turbine blades is gaining interest, because their failure is one of the main reasons for turbine downtimes [START_REF] Castro-Santos | Floating Offshore Wind Farms[END_REF]. Today's main causes of damages are identified as follows [START_REF] Mcgugan | [END_REF]: Firstly, the erosion of the leading edge, mainly close to the tip, caused by abrasive airborne particles reduces the aerodynamic efficiency. It can also create delaminations along the edge. Secondly, the lightening can induce damages and cracks around the impact point. Then, the accumulation of ice on the blade's surface, due to the combination of climate and temperature conditions, can result in a reduction of the aerodynamic or an increase of the fatigue caused by the additional mass.

Finally, wind turbines have an expected life time of 20 years. The degradation of blades due to fatigue mechanisms is therefore likely to happen before the end of life and requiring reparations after a pertinent diagnosis. The resulting damages proposed by SØRENSEN et al. [START_REF] Sørensen | Improved design of large wind turbine blade of fibre composites based on studies of scale effects (Phase 1) -Summary Report[END_REF] are shown in the Figure 1.

Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel 2017

Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 14/154

Figure 1: Sketches of the different types of damage that can occur in a wind turbine blade [START_REF] Sørensen | Improved design of large wind turbine blade of fibre composites based on studies of scale effects (Phase 1) -Summary Report[END_REF].

The different sketches of damage can be classified in 7 types:

-Type 1: Damage formation and growth in the adhesive layer joining skin and main spar flanges (skin/adhesive debonding and/or main spar/adhesive layer debonding)

-Type 2: Damage formation and growth in the adhesive layer joining the up and downwind skins along leading and/or trailing edges (adhesive joint failure between skins) -Type 3: Damage formation and growth at the interface between face and core in sandwich panels in skins and main spar web (sandwich panel face/core debonding) -Type 4: Internal damage formation and growth in laminates in skin and/or main spar flanges, under a tensile or compression load (delamination driven by a tensional or a buckling load) -Type 5: Splitting and fracture of separate fibres in laminates of the skin and main spar (fibre failure in tension; laminate failure in compression)

-Type 6: Buckling of the skin due to damage formation and growth in the bond between skin and main spar under compressive load (skin/adhesive debonding induced by buckling, a specific type 1 case) -Type 7: Formation and growth of cracks in the gel-coat; debonding of the gelcoat from the skin (gel-coat cracking and gel-coat/skin debonding).
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To illustrate the damages localisation during the blade failure, CHEN et al. [START_REF] Chen | Revisiting the structural collapse of a 52.3 m composite wind turbine blade in a full-scale bending test[END_REF] have conducted a destructive bending test on a 52.3 m blade. Different sorts of damages resulting from the test are shown in Figure 2, which shows that the damage repartition on the surface and in the core of blade is not homogeneous. For examples, debonding between the core and the skin is observed at several locations, and fibres cracks are visible near the spar cap.

Therefore, the detection of the various damage types and their localisation by a SHM technic is compulsory.

Figure 2: Observed failures around a 52.3 m blade after a destructive bending test [START_REF] Chen | Revisiting the structural collapse of a 52.3 m composite wind turbine blade in a full-scale bending test[END_REF].

Furthermore, OSWT are exposed to harsh environmental conditions (humidity, salinity, varying temperature…) and fluctuating load that affect the system's performance and ultimately provoke a failure. A fault is defined as a significant change in the system parameters beyond acceptable/allowed limits leading to a decrease of the system performance. Depending on the fault and the related criticality, the required actions may include corrective maintenance intending to restore the system state to the previous (undamaged) state or emergency maintenance targeting to avoid failures of components and systems. To avoid the downtime of the structure, as well as localising failures and predicting
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Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 16/154 the remaining life time of blades, the development of SHM techniques is inevitable, keeping in mind, at the same time, its beneficial impact on the operating and maintenance costs. In a laminate composite material, damage initiates and propagates in zones of high-stress concentrations, such as free edges around cut-outs, joints, delamination edges [START_REF] Mcgugan | [END_REF][START_REF] Chen | Revisiting the structural collapse of a 52.3 m composite wind turbine blade in a full-scale bending test[END_REF][START_REF] Dransfield | Improving the delamination resistance of CFRP by stitching-a review[END_REF].

Therefore, the estimation and prediction of failure is not trivial. In the case of composites, several standard non-destructive evaluation (NDE) techniques exist for the detection of strain or damage, including ultrasonic inspection, acoustic emission (AE), strain gauges, optical fibre, and piezo-resistive sensors. Moreover, the recent development of nanoparticles and nano composites is leading to the emergence of self-sensing materials. The following section will describe the existing monitoring techniques and the alternative approach offered by selfsensing materials.

II.2 Existing strain and damage monitoring technics II.2.1 Monitoring technics used in strain analysis

Strain gauges allow knowing the changes of length of the material on defined zones. The damage undergone by a structure is not obtained directly by the strain gauges. Using the resistance laws of materials (HOOKE laws), the stress can be calculated from the deformation, where the sensor is located [START_REF] Schubel | Review of structural health and cure monitoring techniques for large wind turbine blades[END_REF]. The knowledge of the mechanical properties of the material is therefore necessary to use strain gauges. Different types of gauges can be found but their principle is similar: any strain undergone by the gauge is directly translated into an electrical or optical signal as an output. Once a gauge is attached to the structure, its deformation is locally similar to the one encountered by the structure. Thus, the gauge signal recording enables to estimate the structure's deformation. The existing strain gauges mainly rely on capacitance, inductance or resistance of the sensing element, and on transmitted or reflected signals of optical fibres [START_REF] Schubel | Review of structural health and cure monitoring techniques for large wind turbine blades[END_REF][START_REF] Cooperman | Load monitoring for active control of wind turbines[END_REF][START_REF] Takoutsing | Wind Turbine Condition Monitoring: State-of-the-Art Review, New Trends, and Future Challenges[END_REF][START_REF] Hameed | Condition monitoring and fault detection of wind turbines and related algorithms: A review[END_REF].

II.2.1.1 Metallic strain gauges

The elastic deformation of a metal gauge proportionally modifies the value of its resistance.

The sensitivity or gauge factor (GF) of strain gauges is generally in the order of 2 and the initial resistances can vary from 30 Ω to 3 kΩ. The value of the initial resistance, as well as the gauge factor, is precisely set and controlled. The non-linear characteristic of metal gauge usually starts with strains up to ± 15 % [START_REF] Hoffmann | An Introduction to Stress Analysis and Transducer Design using Strain Gauges[END_REF]. For smaller deformation, there is an emergence of new strain gauges with much higher gauge factors, up to 150 [63]. In general, these sensors are preferably positioned on the surface of the structure, possess limited sensitivity towards

Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 17/154 direction over a defined area [START_REF] Dharap | Nanotube film based on single-wall carbon nanotubes for strain sensing[END_REF], and a flat surface allowing an optimised adhesion. Since the patent of the printed circuit for foil strain gauge in 1952 by PAUL EISLER [65] the technic has become mature. It is a precise and affordable technology with a standard deviation of the GF value about 1% [START_REF] Hoffmann | An Introduction to Stress Analysis and Transducer Design using Strain Gauges[END_REF], and a price around 10 € per direction of measurement [66]. The associated electrical measurement usually relies on a Wheatstone bridge. The measured voltage change in the bridge is precisely linked to the change of resistance of the gauge, and consequently to the strain. External parameters are affecting the metal gauge characteristics, such as temperature, which modifies the GF about 10 -2 %.K -1 [START_REF] Gauges | HBM Technical sheet[END_REF], environmental disturbances like lightning or electromagnetic interference. Yet, such sensors suffer from performance degradation over time which differs their lifetime compared to the structure's lifetime [START_REF] Huston | Structural Sensing, Health Monitoring, and Performance Evaluation (Series in Sensors)[END_REF][START_REF] Ettouney | Infrastructure health in civil engineering[END_REF]. Finally, typical commercial metallic strain gauges are made of a 5 µm metallic wire stacked on a 45 µm poly(imide) film, and recovered by a 25 µm poly(imide) film [START_REF] Gauges | HBM Technical sheet[END_REF]. This heterogeneous structure, with no homogeneous materials with composites structures, leads to the modification of the structure homogeneity when gauges are embedded, thus introducing defects.

II.2.1.2 Optical fibres

Several optical fibres (OF) technologies exist, with a predominance of fibre BRAGG grating (FBG) or RAYLEIGH scattering [START_REF] Majumder | Fibre Bragg gratings in structural health monitoring-Present status and applications[END_REF]. A FBG sensor is a periodic variation of the refractive index in the fibre's core (Figure 3). The change of the core refraction index is between 10 -5 and 10 -3 , and the length of a BRAGG grating is usually around 10 mm [START_REF] Li | Recent applications of fiber optic sensors to health monitoring in civil engineering[END_REF]. When an emitted light along the fibre arrives on the sensor, the change of the refraction index induces the creation of a transmitted and a reflected light signal as shown in Figure 3. Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 18/154

Any change of the refraction index in the grating modifies the transmitted and reflected signal. External solicitation such as strain, temperature, humidity, vibrations, breaks and delamination can induce a change in the index [START_REF] Li | Recent applications of fiber optic sensors to health monitoring in civil engineering[END_REF][START_REF] Takoutsing | Wind Turbine Condition Monitoring: State-of-the-Art Review, New Trends, and Future Challenges[END_REF][START_REF] Ramakrishnan | Overview of Fiber Optic Sensor Technologies for Strain/Temperature Sensing Applications in Composite Materials[END_REF][START_REF] Takeda | Characterization of microscopic damage in composite laminates and real-time monitoring by embedded optical fiber sensors[END_REF][START_REF] Takeda | Development of smart composite structures with smalldiameter fiber Bragg grating sensors for damage detection: Quantitative evaluation of delamination length in CFRP laminates using Lamb wave sensing[END_REF][START_REF] Li | Simultaneous measurement of refractive index, strain, and temperature based on a four-core fiber combined with a fiber Bragg grating[END_REF][START_REF] Mieloszyk | Moisture contamination detection in adhesive bond using embedded FBG sensors[END_REF][START_REF] Mieloszyk | An application of Structural Health Monitoring system based on FBG sensors to offshore wind turbine support structure model[END_REF]. The wavelength shift caused by strain and temperature can be expressed using the Equation 1 [START_REF] Li | Simultaneous measurement of refractive index, strain, and temperature based on a four-core fiber combined with a fiber Bragg grating[END_REF]: Equation 1𝚫𝛌 𝐅𝐁𝐆 𝛌 𝐅𝐁𝐆 = (𝟏 -𝐏 𝐞 ) 𝛆 + (𝛂 + 𝛏)𝚫𝐓

Where λ FBG is the wavelength of the propagating light, ε the fibre strain, T the fibre temperature, P e the effective opto-mechanical constant, α the coefficient of thermal expansion of the glass fibre, and ξ the fibre thermo-optic coefficient.

Therefore, any local strain or temperature modification can be measured by FBG sensors.

Several FBG sensors can be grated along a single OF. A discrete mapping of a structure can therefore be assumed by a unique fibre. In order to discriminate between the strain and the temperature via the wavelength shift, the use of two different optical fibres is requested in practice [START_REF] Kinet | Fiber Bragg Grating Sensors toward Structural Health Monitoring in Composite Materials: Challenges and Solutions[END_REF]. KINET et al. [START_REF] Kinet | Fiber Bragg Grating Sensors toward Structural Health Monitoring in Composite Materials: Challenges and Solutions[END_REF] have compared three technics to discriminate the temperature and strain measurements in composite laminates with FBG. The best solution found was the use of two fibres, one in the core of the sample and one embedded in a capillary to isolate it from strain. The authors reported an uncertainty on strain close to 2 µε and on temperature about 0.1 °C. Compared to metal strain gauge, the usual gauge factor (GF) is usually lower, resulting from 0.7 to 1 [START_REF] Tennyson | Structural health monitoring of innovative bridges in Canada with fiber optic sensors[END_REF][START_REF] Rodriguez-Cobo | Embedded compaction pressure sensor based on Fiber Bragg Gratings[END_REF] with a limit of strain detection of 1 µε [START_REF] Rezayat | Reconstruction of impacts on a composite plate using fiber Bragg gratings (FBG) and inverse methods[END_REF]. The multiplication of FBG sensors on a structure is ultimately leading to the strain mapping of materials [START_REF] Zohari | The Applications of FBG sensor for Realtime Strain Mapping of Thin Composite Plate under Point Loading[END_REF]. To date, FBG are already used as SHM devices for civil engineering like bridges [START_REF] Webb | Categories of SHM Deployments: Technologies and Capabilities[END_REF], and have

shown some interest for aeronautic [START_REF] Nicolas | Large Scale Applications Using FBG Sensors: Determination of In-Flight Loads and Shape of a Composite Aircraft Wing[END_REF] and renewable [START_REF] Mieloszyk | An application of Structural Health Monitoring system based on FBG sensors to offshore wind turbine support structure model[END_REF] applications.

RAYLEIGH scattering optical fibres have a refractive index which varies along the fibre as a function of the presence of defects or non-homogeneities of the material [START_REF] Cooperman | Load monitoring for active control of wind turbines[END_REF]. This index variation allows backscattering of different wavelengths at different points of the fibre. The analysis of the backscattered light makes possible to obtain information on the deformation, the changes in temperature, and the undergone flexion at each point along the fibre.

Compared to FBG, the strain deformation can be estimated along the complete fibre, thus inducing a larger amount of data.

FBG or Rayleigh fibres can be surface-applied or integrated into the structure. On the surface, they do not modify the characteristics of the material. In the core of the composite, the optical fibre size, usually about 100-150 µm, is much greater than the composites reinforcing fibres, less than 20 μm for carbon or glass fibres. It results in the creation of a gap between the The application of OF has nevertheless gain some interest for the wind turbine SHM. For instance, in 2011, the VESTAS company has chosen to patent different possibilities of positioning the optical fibres on and in the blades as illustrated in Figure 5 [82]. The reflected signal was used to measure the variations in temperature, pressure, deformation and vibration of the blade, from its manufacture to the in-service use. The entire fibres were connected to a light emitter/receiver, placed in the nose of the wind turbine and connected to an acquisition centre. This patent presented the OF positions without taking in consideration the possible implementation issues. Thus, as shown in Figure 4, the limited radius of curvature may exclude some areas such as the edges. Some fibres orientation may also be excluded to avoid the creation of weak mechanical area. As well, the manufacturing process would have to avoid the development of stress that could damage the OF.
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II.2.2 Monitoring technics used in failure analysis

II.2.2.1 Visual inspection

To date, the periodic structural health inspection of wind turbine blades is made by professional climbers while the wind turbine is shut down. The inspection is mainly limited to visual inspection and simple manual tapping tests with a hammer [START_REF] Yang | Progress and trends in nondestructive testing and evaluation for wind turbine composite blade[END_REF][START_REF] Juengert | Damage Detection in Wind Turbine Blades using two Different Acoustic Techniques[END_REF]. It allows detecting surface damages in defined critical areas. For internal damages, the tapping method requires an expertise to distinguish between the damaged and undamaged structure. Furthermore, some damages cannot be detected by the current technics, being too deep in the core of the structure and thus not responsive to the tapping method.

II.2.2.2 Performance analysis

A structure, working in its optimal state, exhibits a certain level of performance (power, nominal voltage, angle of inclination of the blades, current, speed of the blades, etc.). When the structure degrades, performance is changed despite identical operating conditions [START_REF] García Márquez | Condition monitoring of wind turbines: Techniques and methods[END_REF].

Consequently, the analysis of various operating parameters enables to identify the presence of damages on the structure when deviations are important compared to the optimum performances [START_REF] Takoutsing | Wind Turbine Condition Monitoring: State-of-the-Art Review, New Trends, and Future Challenges[END_REF][START_REF] Hameed | Condition monitoring and fault detection of wind turbines and related algorithms: A review[END_REF]. Performance analysis is an efficient method to determine the integrity level of the structure, despite the lack of the defects characteristics estimation (location, concentration, type ...) as well as the inability to anticipate their appearance. This technic still remains an indicator of the overall structure's health level.
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II.2.2.3 Acoustic Emission (AE)

Acoustic Emission (AE) is known as the emission of elastic waves with low amplitude ranges and high frequency (from 100 kHz to 1 MHz) [START_REF] Schubel | Review of structural health and cure monitoring techniques for large wind turbine blades[END_REF][START_REF] Beganovic | Structural health management utilization for lifetime prognosis and advanced control strategy deployment of wind turbines: An overview and outlook concerning actual methods, tools, and obtained results[END_REF]. The AE waves are generated within the material by the release of energy. Therefore, AE is a passive NDE because the excitation source is the core material without any additional external source. Typical sources of AE are initiation and propagation of cracks, breakage of fibres, fracture of the matrix, friction between different surfaces, deformation, delamination, and impacts [START_REF] Schubel | Review of structural health and cure monitoring techniques for large wind turbine blades[END_REF][START_REF] Ciang | Structural health monitoring for a wind turbine system: a review of damage detection methods[END_REF]. The detection of the AE waves is made by a surface sensor. The different failures in the structure can be detected depending on different characteristics of the emitted signal, ie, counts, rise time, peak amplitude, arrival time, duration, and signal energy content [START_REF] Beganovic | Structural health management utilization for lifetime prognosis and advanced control strategy deployment of wind turbines: An overview and outlook concerning actual methods, tools, and obtained results[END_REF]. This technique is commonly used in the industry for the control of composites [START_REF] Juengert | Damage Detection in Wind Turbine Blades using two Different Acoustic Techniques[END_REF]87,[START_REF] Juengert | Inspection techniques for wind turbine blades using ultrasound and sound waves[END_REF], and allows steady-state wind turbine blade control [START_REF] Schubel | Review of structural health and cure monitoring techniques for large wind turbine blades[END_REF]. This method is already protected with several patents [START_REF] Newman | Method and apparatus for monitoring wind turbine blades during operation[END_REF][START_REF] Newman | Nondestructive testing of wind turbine blades from the ground during operation[END_REF][START_REF] Frank | Early detection of wind turbine degradation using acoustical monitoring[END_REF][92].

WALSH et al. [START_REF] Walsh | Monitoring the condition of Marine Renewable Energy Devices through underwater Acoustic Emissions: Case study of a Wave Energy Converter in Falmouth Bay, UK[END_REF] studied the possible use of AE in the case of marine energies. Autonomous multichannel acoustic recorders were used to monitor a wave energy converter. The authors found that the ambient levels were negligible compared to the structure emission. They were also able to detect AE emissions in water with sensors 200 m away from the structure, while in air conditions the sensors were placed close to the structure. MICHALCOVÁ and KADLEC [START_REF] Michalcová | Carbon/epoxy composite delamination analysis by acoustic emission method under various environmental conditions[END_REF] have used AE to detect crack length propagation in a CFRP composite caused by the double cantilever beam with two extreme temperatures, -55 °C and 80 °C. They were able to found an average error of the AE cumulative energy compared to the visual crack propagation of 3.49 %. To localise defects in a Glass Fibre Reinforced Polymers (GFRP) composite, GÓMEZ MUÑOZ et al. [START_REF] Gómez Muñoz | A New Fault Location Approach for Acoustic Emission Techniques in Wind Turbines[END_REF] used a three sensors network. The sensors position and distance from a defect led to various detections for each sensor. Especially, the time of detection and the received amplitude were linked to the distance between the sensor and the defect. The correlation between all sensors enabled the defect localisation. The authors succeeded to detect a fibre breakage with a maximum error of 9 mm for a 100 x 79.5 cm² inspected area.

The AE limitations however include the interpretation of background noise, for example due to vibration of the structure, electromagnetic interference. The embedding into a structure is also prohibited due to the sensor's size.

II.2.2.4 Ultrasonic measurements

Unlike acoustic emission, which is a passive NDE, an Ultrasonic measurement (US) is an active monitoring technic. In addition to the received signal, an external excitation source is emitted. This signal propagates within the structure, is thus affected by the material which Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 22/154 modified its characteristics (change of phase, defect, delamination, interfacial problems ...) [START_REF] Takoutsing | Wind Turbine Condition Monitoring: State-of-the-Art Review, New Trends, and Future Challenges[END_REF][START_REF] Ciang | Structural health monitoring for a wind turbine system: a review of damage detection methods[END_REF][START_REF] Juengert | Inspection techniques for wind turbine blades using ultrasound and sound waves[END_REF][START_REF] Raišutis | The review of non-destructive testing techniques suitable for inspection of the wind turbine blades[END_REF]. The use of ultrasonic waves enables to obtain information on the material state.

Three main techniques exist, named pulse-echo, thickness, and pitch-catch as illustrated in Figure 6. In echo-pulse mode, the wave is sent orthogonally to the material by a transducer attached to the surface. The reflection of the wave allows obtaining information on the various defects (type, depth). In thickness mode, the wave is sent through the thickness of the structure, and the reflected wave enables to collect similar information that in the pulse-echo mode. MOURITZ et al. [START_REF] Mouritz | Non-destructive detection of fatigue damage in thick composites by pulse-echo ultrasonics[END_REF] estimated the minimum delamination size for detection depending on the delamination depth in GFRP. They founded an exponential link where the minimum size was 5 and 10 mm for a depth of 25 and 100 mm respectively. In pitch-catch mode two sensors (one transmitter and one receiver) are positioned along the surface, and the transmitted wave provides information (location, type of defect) on the surface material state and slightly below [START_REF] García Márquez | Condition monitoring of wind turbines: Techniques and methods[END_REF]. PARK et al. [START_REF] Park | Pitch-catch ultrasonic study on unidirectional CFRP composite laminates using Rayleigh wave transducers[END_REF] have been able to estimate a porosity level of 0 to 6 % in a CFRP specimen with the pitch-catch mode. The ultrasound technique is not affected by humidity or temperature [START_REF] Takoutsing | Wind Turbine Condition Monitoring: State-of-the-Art Review, New Trends, and Future Challenges[END_REF]. But a minimal defect's size of few millimetres is required to be detected [START_REF] Ciang | Structural health monitoring for a wind turbine system: a review of damage detection methods[END_REF], and like acoustic emission, the sensor's size proscribes any embedding. 

II.2.2.5 Vibrational analysis

The analysis of a structure vibrations parameters, such as the frequency, and their variation, enables to measure the structure deformation and the appearance and propagation of cracks [START_REF] Takoutsing | Wind Turbine Condition Monitoring: State-of-the-Art Review, New Trends, and Future Challenges[END_REF][START_REF] Raišutis | The review of non-destructive testing techniques suitable for inspection of the wind turbine blades[END_REF]. Depending on the vibration frequencies, varying from 0.01 Hz to 100 kHz [START_REF] Raišutis | The review of non-destructive testing techniques suitable for inspection of the wind turbine blades[END_REF],

different sensors are used, from motion and speed sensors to accelerometers and emitted energy sensor. This technic has been identified as promising and patented in the field of wind Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 23/154

blades [START_REF]Wind turbine blade with strain sensing means, wind turbine block sensor unit and uses hereof[END_REF]. The presence of a damage or change in the structure properties modifies the measured vibration. ZHANG et al. [START_REF] Zhang | Vibration-based inverse algorithms for detection of delamination in composites[END_REF] have used three different inverse algorithms based on the shift of the measured frequency to detect and localise delamination in CFRP. Despite an easy identification of damage appearance, the error in the localisation and size were ranging from 0.08 and 26.95 for 0.27 and 13.82 % respectively. The authors concluded, in 2013, that the damage location and severity were still challenging. Additionally, it remains difficult to use sensors to detect low-frequency defects [START_REF] Hameed | Condition monitoring and fault detection of wind turbines and related algorithms: A review[END_REF].

II.2.2.6 Radiography

Observation by X-ray in transmission provides an image of the state of the material [START_REF] García Márquez | Condition monitoring of wind turbines: Techniques and methods[END_REF].

Figure 7.a, produced by TAN et al. [START_REF] Tan | X-ray radiography and micro-computed tomography examination of damage characteristics in stitched composites subjected to impact loading[END_REF], shows an X-ray images of a 6.1 mm thick CFRP laminate after a 6.7 J impact, where the authors have identified different resulting damages.

As shown in Figure 7.b with a 3D reconstruction of a GFRP sample, this technique enables to identify the presence of defects such as breaks, delaminations, lacks of adhesive, vacuums, or shifts in the fibres orientation [START_REF] Takoutsing | Wind Turbine Condition Monitoring: State-of-the-Art Review, New Trends, and Future Challenges[END_REF][START_REF] Ciang | Structural health monitoring for a wind turbine system: a review of damage detection methods[END_REF][START_REF] Raišutis | The review of non-destructive testing techniques suitable for inspection of the wind turbine blades[END_REF][START_REF] Schell | Micro-computed tomography determination of glass fibre reinforced polymer meso-structure[END_REF]. The detection limit is around 10 μm, and this technique is sensitive to a variation of up to 1-2 % of the material thickness. It is also possible to retrieve information on the variation of the materials' density from the backscattering of Xrays. This technique enables to quickly obtain a state of the structure because the set of images is obtained simultaneously. On the other hand, it is a complicated technique to implement because it requires greater security measures due to the X-rays hazard. It is therefore used to control the quality of the structure after manufacturing. Moreover, no parallel breaks to the X-ray beam are visible on a scan which limits the defects' detection.

(a) (b)

Figure 7: (a) X-ray radiography of a 6.1 mm thick CFRP laminate after a 6.7 J impact [START_REF] Tan | X-ray radiography and micro-computed tomography examination of damage characteristics in stitched composites subjected to impact loading[END_REF]. (b) 3Dreconstruction of a part of a GFRP sample by radiography. Insert shows a slice of the reconstruction where voids can be seen in black [START_REF] Schell | Micro-computed tomography determination of glass fibre reinforced polymer meso-structure[END_REF].
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II.2.2.7 Optical Fibres (OF)

OF were originally used as a strain sensor for structures. The first appearance of OF as damage sensing in composites was introduced by HOFER in 1987 [START_REF] Hofer | Fibre optic damage detection in composite structures[END_REF]. In 2002, TAKEDA [START_REF] Takeda | Characterization of microscopic damage in composite laminates and real-time monitoring by embedded optical fiber sensors[END_REF] studied the effect of cracks density on the reflected signal characteristics with a FBG. The author observed that an increase of the transverse cracks density altered the shape of the reflected signal, and thus explained that the presence of small local defects changed the local strain distribution around the fibres. The reflection spectrum shape was therefore disturbed at the interval between two neighbouring cracks. In order to estimate the delamination length in CFRP, the author used afterwards lamb waves with FBG [START_REF] Takeda | Development of smart composite structures with smalldiameter fiber Bragg grating sensors for damage detection: Quantitative evaluation of delamination length in CFRP laminates using Lamb wave sensing[END_REF]. The researcher found that when the lamb waves were going through the delamination, the amplitude of the signal decreased and a new wave mode was created. The measure of the amplitude loss ratio and the time of arrival of the new wave mode enabled to quantitatively estimate the delamination.

More recently, FBG have been used to detect impact on composite, from low [START_REF] Rezayat | Reconstruction of impacts on a composite plate using fiber Bragg gratings (FBG) and inverse methods[END_REF][START_REF] Shin | Post-Impact Fatigue Damage Monitoring Using Fiber Bragg Grating Sensors[END_REF] to high Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 25/154 TIAN et al. [START_REF] Tian | Damage Detection Based on Static Strain Responses Using FBG in a Wind Turbine Blade[END_REF] experienced the damage detection on a 13.2 m length blade with a distributed FBG network along the blade during static load. Two damages were made in the blade, each 4 cm away from the closest node. To detect damages, the authors analysed the variation between all FBG strain measurements with two analytical methods. They reported the successful localisation of the closest nodes to the damages. ZHANG and BOND [START_REF] Zhang | Performance evaluation of the Fiber Bragg Grating (FBG) sensing device and comparison with piezoelectric sensors for AE detection[END_REF] have estimated that the FBG current limitation laid in its too low frequency response characteristics.

II.3 Self-sensing thermoset composites based on carbon materials

The classical SHM and maintenance technics previously described have shown to be efficient methods for strain and damage detection. Nevertheless, most of them require either an extensive human involvement or expensive procedures. Moreover, none can provide a complete survey of the structure, because they are only sensitive to strain or damage.

Therefore, a combination of them appears compulsory for a suitable SHM system. To date, the use of optical fibres is the most promising technique, because it can provide at a laboratory scale both strain and specific damages, and it is the only one that can be embedded in the core of composite structures without catastrophic changes of the mechanical properties.

Nevertheless, as shown in section II.2.1.2, OF are still intrusive materials and have a lower sensitivity than commercial strain gauges. Furthermore, a substantial equipment is required, as well for the fibres' deployment and for the in-service use. Consequently, there is a growing interest for the development of "self-sensing materials". Those materials are prone to provide real-time information about themselves or their environment [START_REF] Balageas | Structural Health Monitoring[END_REF]. As seen in the literature, electrical resistance is the most frequently recorded parameter of sensing materials. In Carbon Fibres Reinforced Polymers (CFRP), carbon fibres can be used as sensing fibres, thanks to their good intrinsic conductivity. But when both the matrix and reinforced fibres are insulating such as in Glass Fibre Reinforced Polymers (GFRP), different strategies can be developed to modify the conductivity of the material by the addition of carbon conductive fillers of example. In this case the addition of conducting fillers allows to create a conductive network inside the matrix, which turns out to be sensitive to external stimulus varying the interfiller gap. Nevertheless the optimisation of filler content in CFRP requires to well define the percolation conditions depending on formulation and process. The current main strategies involve carbon nanotubes (CNT) thanks to their high electrical, mechanical, thermal, optical properties [START_REF] Treacy | Exceptionally high Young's modulus observed for individual carbon nanotubes[END_REF][START_REF] Ebbesen | Electrical conductivity of individual carbon nanotubes[END_REF][START_REF] Thostenson | Advances in the science and technology of carbon nanotubes and their composites: a review[END_REF][START_REF] Kim | Thermal Transport Measurements of Individual Multiwalled Nanotubes[END_REF][START_REF] Asai | Effect of interfacial energy and viscosity on percolation time of carbon black-filled poly(methyl methacrylate)[END_REF][START_REF] Yao | High-Field Electrical Transport in Single-Wall Carbon Nanotubes[END_REF]. Among them, one can mention the use of pristine CNT random network films called Bucky paper (BP), the polymer matrix bulk reinforcement, and the [START_REF] Feller | Conductive polymer composites: comparative study of poly(ester)-short carbon fibres and poly(epoxy)-short carbon fibres mechanical and electrical properties[END_REF], carbon nanoparticles (CNP) [START_REF] Luheng | Influence of carbon black concentration on piezoresistivity for carbon-black-filled silicone rubber composite[END_REF], graphite [START_REF] Kumar | Development of poly(isobutylene-coisoprene)/reduced graphene oxide nanocomposites for barrier, dielectric and sensing applications[END_REF] and more recently fullerene (C 60 ) [START_REF] Wudl | Fullerene materials[END_REF] or graphene (GNP) [START_REF] Tung | Enhancing the sensitivity of graphene/polyurethane nanocomposite flexible piezo-resistive pressure sensors with magnetite nano-spacers[END_REF].

Hybrid fillers resulting from the combination of different carbon particles [START_REF] Nag | Sulfonated poly(ether ether ketone) [SPEEK] nanocomposites based on hybrid nanocarbons for the detection and discrimination of some lung cancer VOC biomarkers[END_REF] has also been found to exhibit synergetic effects and could be valorised in future developments of selfsensing materials.

II.3.1 Carbon fibre reinforced epoxy (CFEP) as self-sensing materials

In 1989, SCHULTE AND BARON [START_REF] Schulte | Load and failure analyses of CFRP laminates by means of electrical resistivity measurements[END_REF], while studying carbon fibres reinforced epoxy, were the first to report the use of carbon fibres' resistance change as piezo-resistive sensing strategy.

The authors measured the resistance of tensile specimens from end to end. As observed in Measuring the change of resistance of CFEP samples has also been effective for detecting cracks in the matrix [START_REF] Todoroki | Effects with a matrix crack on monitoring by electrical resistance method[END_REF][START_REF] Todoroki | Matrix crack detection of CFRP using electrical resistance change with integrated surface probes[END_REF], delamination [START_REF] Wang | Sensing delamination in a carbon fiber polymer -matrix composite during fatigue by electrical resistance measurement[END_REF][START_REF] Todoroki | Measurement of orthotropic electric conductance of CFRP laminates and analysis of the effect on delamination monitoring with an electric resistance change method[END_REF][START_REF] Kupke | Non-destructive testing of FRP by d.c. and a.c. electrical methods[END_REF], as seen in Figure 11.a, or during fatigue [START_REF] Wang | Self-monitoring of fatigue damage and dynamic strain in carbon fiber polymer-matrix composite[END_REF][START_REF] Seo | Damage detection of CFRP laminates using electrical resistance measurement and neural network[END_REF][START_REF] Irving | Fatigue damage characterization in carbon fibre composite materials using an electrical potential technique[END_REF]. As illustrated in Figure 11.b, WANG and CHUNG [START_REF] Wang | Self-monitoring of fatigue damage and dynamic strain in carbon fiber polymer-matrix composite[END_REF] have identified three stages in fatigue attributed to different damage mechanisms. The authors explained that in the first stage, the matrix cracking in the 90° plies was leading to a decrease of the sample stiffness. One could add that the breakage of the interface of the fibres and the matrix in the Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 28/154 90° plies may be responsible of this decrease of stiffness. In addition, the electrical resistance variation being mainly due to the breakage of 0° fibres, it was not much visible during the first stage. The main resistance increase with gradual stiffness decrease was observed during second stage with the initiation of 0° fibres cracking. The last stage was the fibres fractures resulting in the stiffness drop and large resistance increase. VAVOULIOTIS et al. [START_REF] Vavouliotis | On the fatigue life prediction of CFRP laminates using the Electrical Resistance Change method[END_REF] have also highlighted a decrease of the resistance during the first fatigue cycles, related to an increase of 0° fibres alignment, to relaxation of pre-stressed fibres, and to the decrease of contacts resistance between fibres.

(a) (b) ABRY et al. [START_REF] Abry | In-situ monitoring of damage in CFRP laminates by means of AC and DC measurements[END_REF] and KUPKE et al. [START_REF] Kupke | Non-destructive testing of FRP by d.c. and a.c. electrical methods[END_REF] both studied the influence of the electrical mode AC or DC on the measured phenomenon. The researchers found that in DC measurements, the reinforcing fibres could be used as a resistance sensor, allowing the detection of fibres failure.

Unlike AC measurements, the fibres and their connecting points were acting as resistances and the spaces between the fibres were similar to capacitors, which enabled detecting matrix cracking. An attempt to map the internal damages has also been proposed by positioning electrodes around the sample's area of interest [START_REF] Schueler | Damage detection in CFRP by electrical conductivity mapping[END_REF][START_REF] Kwon | Detection of damage in cylindrical parts of carbon fiber/epoxy composites using electrical resistance (ER) measurements[END_REF][START_REF] Todoroki | The effect of number of electrodes and diagnostic tool for monitoring the delamination of CFRP laminates by changes in electrical resistance[END_REF]. To this end, SCHUELER et al. [START_REF] Schueler | Damage detection in CFRP by electrical conductivity mapping[END_REF] have used the Electrical Impedance Tomography (EIT). N electrodes were placed on the edge of the material. The current injection between two of them and the voltage measurement for all other electrodes provided N(N-3)/2 measurements. Based on the assumption that there were no current sources in the sample, the internal potential and current densities could be obtained with a Finite Element Method (FEM). The sample was therefore represented as a
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As seen above, the use of the originally reinforcing carbon fibres as strain and damage sensors in a CFEP can provide a lot of information on the sample's health. Nevertheless, most experiments were conducted with fibres oriented at 0°, where the composite conductivity is dominated by the longitudinal carbon fibre conductivity [START_REF] Schueler | Damage detection in CFRP by electrical conductivity mapping[END_REF]. For other orientations of carbon fibres, the conductivity is decreasing until 90° and is dominated by contact points between fibres. Therefore, the fibres' volume fraction [START_REF] Todoroki | Measurement of orthotropic electric conductance of CFRP laminates and analysis of the effect on delamination monitoring with an electric resistance change method[END_REF] and the manufacturing process [START_REF] Schueler | Damage detection in CFRP by electrical conductivity mapping[END_REF] are found to significantly impact the composite's resistance and its resulting piezoresistive behaviour [START_REF] Abry | In situ detection of damage in CFRP laminates by electrical resistance measurements[END_REF]. Regarding the mapping technic, the accuracy decreased with the increase of material's anisotropy [START_REF] Schueler | Damage detection in CFRP by electrical conductivity mapping[END_REF]. SELVAKUMARAN et al. [START_REF] Selvakumaran | On the detectability of transverse cracks in laminated composites using electrical potential change measurements[END_REF][START_REF] Selvakumaran | Effect of Voltage Measurement on the Quantitative Identification of Transverse Cracks by Electrical Measurements[END_REF] have studied the impact of the CFEP anisotropy on the response to transverse cracks. The authors found that in the cross ply section, the change of resistance was decreased of 40 % compared to quasi isotropic materials. Furthermore, they obtained a correlation between the anisotropy of the material, the accuracy of the measurements and the distance between the electrodes. The authors concluded that the localisation of electrodes with EIT is strongly related to the anisotropy of the material. Therefore, although the intrinsic resistivity of carbon fibre enabled to create a self-sensing CFEP (with possible measurements of strain and damage localisation), this promising strategy still exhibited few drawbacks:

 the precise localisation of the defects appeared to be time and calculation consuming;

 the signal mainly responded to fibre's fracture mechanism and not to matrix fracture mechanism;

 it favoured axial to transverse detection;

 it can be used only for intrinsically electrical conductive materials as CFEP, which does not represent the majority of the composite market [START_REF] Witten | Composites Market Report 2015 Market developments, trends, outlook and challenges[END_REF].

II.3.2 Carbon nanoparticles and their nano composites use ad self-sensing systems

To generate self-sensing composites from electrical insulating materials, the most common way is to integrate conductive particles into the insulating matrix. CNT are thus good candidates thanks to their high electrical, mechanical, thermal, optical properties, and large aspect ratio [START_REF] Treacy | Exceptionally high Young's modulus observed for individual carbon nanotubes[END_REF][START_REF] Ebbesen | Electrical conductivity of individual carbon nanotubes[END_REF][START_REF] Thostenson | Advances in the science and technology of carbon nanotubes and their composites: a review[END_REF][START_REF] Kim | Thermal Transport Measurements of Individual Multiwalled Nanotubes[END_REF][START_REF] Asai | Effect of interfacial energy and viscosity on percolation time of carbon black-filled poly(methyl methacrylate)[END_REF][START_REF] Yao | High-Field Electrical Transport in Single-Wall Carbon Nanotubes[END_REF]. At first, CNT were used to enhance the composites' mechanical
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properties [START_REF] Gong | Surfactant-assisted processing of carbon nanotube/polymer composites[END_REF]. The first studies focused on the influence of both the filler content and the dispersion state on the mechanical properties. For instance, GOJNY et al. [START_REF] Gojny | Influence of different carbon nanotubes on the mechanical properties of epoxy matrix composites -A comparative study[END_REF] studied the effect on the mechanical properties of an epoxy resin filled with various CNT types ranging from 0.05 to 0.5 wt%. They reported an enhancement of several performances for all CNT types and content and more precisely, they observed a maximum increase in YOUNG's modulus of 14.6 % for the NH 2 functionalized DWCNT. But CNT were also found to change the global electrical and thermal properties of the composites [START_REF] Gojny | Influence of nano-modification on the mechanical and electrical properties of conventional fibre-reinforced composites[END_REF][START_REF] Fidelus | Thermo-mechanical properties of randomly oriented carbon/epoxy nanocomposites[END_REF][START_REF] Gojny | Evaluation and identification of electrical and thermal conduction mechanisms in carbon nanotube/epoxy composites[END_REF], which made them become self-sensing materials. The following section will describe the static percolation's theory to elaborate CNT based conductive material. Then the current main strategies developed with CNT for strain and damage sensing will be presented: as a pristine film, or embedded in a matrix, or coated on a fibre. Finally, the possible future use of other carbon or hybrid fillers and the evolution toward commercial devices will be discussed.

II.3.2.1 Electrical behaviour of a CNT-filled polymer matrix, the theory of statistic percolation

As stated earlier, the electrical conductivity of nano composites is obtained through the dispersion of conductive fillers into an insulating matrix. Increasing the amount of conductive fillers leads to an insulator to conductor transition illustrated in Figure 12. With a too small amount of fillers dispersed in the matrix, no conductive pathway can be created and the electrical behaviour is therefore insulating. When the first conductive pathway appears through the material, an insulator to conductor transition occurs with a sudden decrease of the material's resistivity [START_REF] Martin | Formation of percolating networks in multi-wall carbon-nanotube-epoxy composites[END_REF][START_REF] Ambrosetti | Solution of the tunneling-percolation problem in the nanocomposite regime[END_REF]. The material is therefore considered as conductive, and this sharp transition is commonly referred as the percolation threshold. The following rise of the filler content increases the conductivity until a plateau. Above the percolation threshold, the matrix conductivity can be described by the Equation 2[166]:

Equation 2 𝜌 = 𝜌 0 (𝜑 -𝜑 𝑐 ) -𝑡
Where φ indicates the volume fraction of the conductive filler, φ c the volume fraction at the percolation threshold, ρ and ρ 0 are the resistivity at φ and for an infinite content of filler respectively, t is the critical exponent comprises between 1.3 and 2.0.

Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 31/154 The electrical behaviour of epoxy-CNT composites has been extensively investigated by BAUHOFER and KOVACS [START_REF] Bauhofer | A review and analysis of electrical percolation in carbon nanotube polymer composites[END_REF] who highlighted that the percolation threshold value strongly depends on the processing parameters. For instance, the authors studied the effect of the stirring rate during the CNT-epoxy mixing on the composite conductivity. They obtained a percolation threshold value after a 5 min of stirring at 50 and 2000 rpm of 0.01 and 0.1 wt % of CNT respectively. The authors explained that the increase of the stirring rate enhanced the CNT dispersion in the matrix, resulting in fewer available conductive paths. Above the percolation threshold, they also reported an equivalent electrical conductive behaviour regardless the processing parameters. GOJNY et al. [START_REF] Gojny | Evaluation and identification of electrical and thermal conduction mechanisms in carbon nanotube/epoxy composites[END_REF] have compared CNT with varying number of layers (Single walled SW, double walled DW and multi walled MW) and their associated electrical behaviour in epoxy based CNT composites. The authors found that the number of layers in CNT walls did not affect the composite's electrical properties for an equivalent mass of CNT. Yet, increasing the number of layers raised CNT density, and MWCNT therefore presented the lowest percolation threshold volume value, around 0.05 vol%. They also explained that the lower specific surface of MWCNT compared to SW or DW enabled to reduce their attraction and their agglomeration. Thus, the best state of dispersion was reached for MWCNT without functionalization. BAI and ALLAOUI [START_REF] Bai | Effect of the length and the aggregate size of MWNTs on the improvement efficiency of the mechanical and electrical properties of nanocomposites-experimental investigation[END_REF] studied the effect of CNT length on the percolation threshold in epoxy based composites.

While the CNT diameter was kept constant, the authors observed a decrease of the percolation Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 32/154 threshold from 2 to 0.5 wt % with an increase of the CNT length from 10 µm to 50 µm, respectively. They concluded that an increase of the CNT aspect ratio enhanced the probability of contact between nanotubes and consequently the composite's conductivity, was increased from 10 -11 to 10 -5 S.cm -1 at 1 wt % for 10 and 50 µm, respectively. Another important parameter to be taken into account is the surface functionalization which has been intensively investigated [START_REF] Gojny | Evaluation and identification of electrical and thermal conduction mechanisms in carbon nanotube/epoxy composites[END_REF][START_REF] Ma | Dispersion and functionalization of carbon nanotubes for polymer-based nanocomposites: A review[END_REF][START_REF] Spitalsky | Carbon nanotube-polymer composites: Chemistry, processing, mechanical and electrical properties[END_REF][START_REF] Kim | Electrical conductivity of chemically modified multiwalled carbon nanotube/epoxy composites[END_REF][START_REF] Ma | Effects of silane functionalization on the properties of carbon nanotube/epoxy nanocomposites[END_REF][START_REF] Theodore | Influence of functionalization on properties of MWCNT-epoxy nanocomposites[END_REF]. Although it favoured the dispersion of the CNT inside the matrix, functionalization may also alter the CNT structure, or may even reduce the CNT length, which in turn could reduce the CNT inherent conductivity and increase the percolation threshold. In the case of amine functionalized DWCNT, GOJNY et al.

[47] observed a conductivity decrease of two decades compared to the pristine DWCNT with a filler content above the percolation threshold of 0.5 wt %. The CNT alignment can also contribute to decrease the number of contacts between CNT, increasing the percolation threshold and decreasing the global conductivity of the composite [START_REF] Ladani | Improving the Toughness and Electrical Conductivity of Epoxy Nanocomposites by using Aligned Carbon Nanofibres[END_REF][START_REF] Mecklenburg | On the manufacturing and electrical and mechanical properties of ultra-high wt.% fraction aligned MWCNT and randomly oriented CNT epoxy composites[END_REF][START_REF] Hu | Investigation on sensitivity of a polymer/carbon nanotube composite strain sensor[END_REF][START_REF] Xie | Dispersion and alignment of carbon nanotubes in polymer matrix: A review[END_REF][START_REF] Rosca | Highly conductive multiwall carbon nanotube and epoxy composites produced by three-roll milling[END_REF][START_REF] Meeuw | Morphological influence of carbon nanofillers on the piezoresistive response of carbon nanoparticle/epoxy composites under mechanical load[END_REF][START_REF] Fernández Sánchez-Romate | Novel approach to percolation threshold on electrical conductivity of carbon nanotube reinforced nanocomposites[END_REF]. In this frame, DU et al. [START_REF] Du | Effect of nanotube alignment on percolation conductivity in carbon nanotube/polymer composites[END_REF] have estimated the evolution of the conductivity of CNT/polymer composite with the degree of alignment of the CNT. The authors observed that the CNT degree of alignment for the highest conductivity of SWCNT/PMMA composite was closing to 90° when reducing the amount of CNT. For instance, the researchers measured a 19° at 3 wt % and 75° at 0.38 wt %. Therefore, a high degree of alignment tends to reduce the electrical conductivity of the composite. MEEUW et al. [START_REF] Meeuw | Morphological influence of carbon nanofillers on the piezoresistive response of carbon nanoparticle/epoxy composites under mechanical load[END_REF] have aligned 1000 µm CNT in an epoxy matrix by an AC field and thus observed a decrease of the resistance by a factor of three.

As suggested by HU et al. [START_REF] Hu | Investigation on sensitivity of a polymer/carbon nanotube composite strain sensor[END_REF], in an epoxy-CNT composite, the overall electrical resistance can be assimilated to the CNT network, controlled by the intrinsic conductivity of each CNT, the junction between CNT, and the tunnelling resistance between two consecutive CNT. The tunnelling resistance has been expressed as followed in the Equation 3:

Equation 3 𝑅 = ℎ 2 𝑑 𝐴𝑒 2 √2𝑚𝜆 exp ( 𝜋4𝑑 ℎ √2𝑚𝜆)
Where h is the Planck's constant, d the distance between the two CNT, A the cross sectional area of tunnel, e the quantum of electricity, m the mass of electron, and λ the height of barrier (epoxy 0.5-2.5 eV).

From Equation 3, one can notice that a deformation of the CNT network caused by strain would break junctions between CNT, and increase the distance between them. The resulting change of electrical property of the composite is observed to be mainly ruled by the tunnelling resistance and its exponential relation with the gap between CNT. An increase of the CNT content in the matrix would reduce the distance between nanotubes, increase the number of Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 33/154 contact points, and decrease the strain effect on the overall composite change of resistance. To characterise the change of resistance during a deformation of a conductive system, as an epoxy-CNT composite, the gauge factor (GF) has been introduced, also called sensitivity, and described by the Equation 4:

Equation 4 𝐆𝐅 = 𝐑-𝐑 𝟎 𝐑 𝟎 𝟏 𝛆
Where R indicates the sensor's resistance at the ε strain, and R 0 the resistance at rest.

In a CNT-epoxy composite, the influence of the initial CNT loading on the resulting GF has been investigated by HU et al. [START_REF] Hu | Investigation on sensitivity of a polymer/carbon nanotube composite strain sensor[END_REF][START_REF] Hu | Tunneling effect in a polymer/carbon nanotube nanocomposite strain sensor[END_REF]. The composite was subjected to a tensile deformation, and above the percolation threshold the authors observed a decreasing in GF with increasing nanoparticles' content, starting from 20 to 5 at 1 to 5 wt%, respectively. The increase of the CNT loading reduced the distance between nanoparticles, which diminished the influence of the tunnelling resistance upon the presence of strain, and therefore the GF.

II.3.2.2 Bucky paper as a strain sensing element

DHARAP et al. [START_REF] Dharap | Nanotube film based on single-wall carbon nanotubes for strain sensing[END_REF][START_REF] Li | Carbon Nanotube Film Sensors[END_REF][START_REF] Barrera | Smart materials: strain sensing and stress determination by means of nanotube sensing systems, composites, and devices[END_REF] were the first to use the electrical properties of CNT to develop a strain sensing device. They used a pure SWCNT film called Bucky paper (BP). The film was glued on the surface of the sample by a PVC film and epoxy as presented in Figure 13. Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 34/154

The authors observed a linear evolution of the tension with strain, about 0.5 V/(m/m), mainly due to the change of resistivity of the BP, and further patented BP as a promising strain and stress sensor [START_REF] Barrera | Smart materials: strain sensing and stress determination by means of nanotube sensing systems, composites, and devices[END_REF]. They suggested that the film can be placed on the surface or be embedded inside the sample. However the addition of a pristine CNT film inside a composite may favour the creation of a new interface inside the sample as noticed by REIN et al. [START_REF] Rein | Sensors and sensitivity: Carbon nanotube buckypaper films as strain sensing devices[END_REF], as shown in Figure 14.a. Actually, the presence of an interface may modify the electrical behaviour of the BP and the mechanical properties of the sample. PILLIN et al. [START_REF] Pillin | Robustness of carbon nanotube-based sensor to probe composites' interfacial damage in situ[END_REF] have coated glass fibre with CNT before the epoxy infusion. Although this film was less dense than a BP, the authors observed that the density of the CNT network avoided the epoxy matrix to diffuse, thus creating a weak interface. The interfacial shear strength was decreased from 45.2

MPa for GF/EP alone to 40.5 MPa with the coated fibres. Thanks to the high mechanical properties of the BP [START_REF] Xu | High-Strength Carbon Nanotube Film from Improving Alignment and Densification[END_REF], ie, stress at breakage that can reach 9.6 GPa, LIU et al. [START_REF] Liu | Enhanced delamination initiation stress and monitoring sensitivity of quasi-isotropic laminates under in-plane tension by interleaving with CNT buckypaper[END_REF] have observed that for a thin Bucky paper, the mechanical properties of the composite could even be increased until 4 %, but that above 40 µm thick film the mechanical properties were below the pristine composite as shown in Figure 14.b. ALY et al. [START_REF] Aly | Compressive piezoresistive behavior of carbon nanotube sheets embedded in woven glass fiber reinforced composites[END_REF] have observed that an increase of BP thickness from 120 to 180 µm in a glass fibre epoxy composite also decreased its sensitivity to strain by nearly half.

(a) (b) The aforementioned authors have reported GF values of 20 for LIU et al. [START_REF] Liu | Enhanced delamination initiation stress and monitoring sensitivity of quasi-isotropic laminates under in-plane tension by interleaving with CNT buckypaper[END_REF]. Nevertheless, their GF was observed not to be constant with the strain, with nearly no sensitivity at low deformation until 0.2 % and a constant increase until breakage. ALY et al. [START_REF] Aly | Compressive piezoresistive behavior of carbon nanotube sheets embedded in woven glass fiber reinforced composites[END_REF][START_REF] Aly | Strain sensing in composites using aligned carbon nanotube sheets embedded in the interlaminar region[END_REF] have

Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 35/154 characterised the GF value from low deformation until breakage. They reported a negative GF between 0 and 0.6 % strain with a minimum of -0.8 at 0.5 %. The following gradual increase of the strain led to GF values of 4 at 1 % and 10 at 1.5 % of strain. In compression, the electrical behaviour was found opposite to the traction [START_REF] Aly | Compressive piezoresistive behavior of carbon nanotube sheets embedded in woven glass fiber reinforced composites[END_REF], as already found in other studies [START_REF] Wang | Tensile strain sensing of buckypaper and buckypaper composites[END_REF][START_REF] Hoang | Diazonium salt treated single-walled carbon nanotube thin films with high piezoresistive sensitivity[END_REF][START_REF] Liu | Investigation on the mechanical and electrical properties of carbon nanotube/epoxy composites produced by resin transfer molding[END_REF] and illustrated in Figure 13.b (bottom left part). The inability for the resin to diffuse inside the film also affected the electrical response. In addition to the mechanical properties, PILLIN et al. [START_REF] Pillin | Robustness of carbon nanotube-based sensor to probe composites' interfacial damage in situ[END_REF] observed a decrease of the electrical linearity without the addition of epoxy in the CNT film. The sensor's sensitivity was furthermore divided by 4 for the pristine CNT film. The authors suggested that this drift in the electrical response indicated that the sensor was less representative of the composite state of deformation compared to the CNT-EP film sensor by itself.

The capability of BP to detect defects and damages has also been investigated. The propagation of a delamination through the BP would break the CNT network, and therefore enhanced the resistance drastically, as shown in Figure 15, where the resistance was multiplied by 5 after 500 MPa in the propagation stage (II) compared to the undamaged stage (I) [START_REF] Liu | Enhanced delamination initiation stress and monitoring sensitivity of quasi-isotropic laminates under in-plane tension by interleaving with CNT buckypaper[END_REF]. While monitoring the fracture, the BP electrical resistance was found to be noisy and increasing until infinite value in the fracture stage (III).

Figure 15: The completed stress-strain and corresponding ΔR/R 0 % response curve for a CNT BP embedded in a CFEP. Three areas are visible: the stage I until 500 MPa where no macro-damage occurs, the stage II until 600 MPa corresponding to the propagation of damage after the first appearance, and stage III with the final fracture [START_REF] Liu | Enhanced delamination initiation stress and monitoring sensitivity of quasi-isotropic laminates under in-plane tension by interleaving with CNT buckypaper[END_REF].
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II.3.2.3 CNT dispersion in a matrix

A second possibility of using CNT as a sensing element for materials was proposed by FIEDLER et al. [START_REF] Fiedler | Can carbon nanotubes be used to sense damage in composites?[END_REF] in 2004. They introduced nanotubes inside the composite epoxy matrix to create a percolated network. Therefore, the whole matrix became an electrically sensing element, in which strain would induce a network change and consequently a change of the composite resistance. THOSTENSON and CHOU [START_REF] Gao | Coupled carbon nanotube network and acoustic emission monitoring for sensing of damage development in composites[END_REF][START_REF] Gao | Sensing of Damage Mechanisms in Fiber-Reinforced Composites under Cyclic Loading using Carbon Nanotubes[END_REF][START_REF] Thostenson | Real-time in situ sensing of damage evolution in advanced fiber composites using carbon nanotube networks[END_REF][START_REF] Li | Dominant role of tunneling resistance in the electrical conductivity of carbon nanotube-based composites[END_REF][START_REF] Thostenson | Processing-structure-multi-functional property relationship in carbon nanotube/epoxy composites[END_REF][START_REF] Gao | In situ sensing of impact damage in epoxy/glass fiber composites using percolating carbon nanotube networks[END_REF][START_REF] Gao | A comparative study of damage sensing in fiber composites using uniformly and non-uniformly dispersed carbon nanotubes[END_REF][START_REF] Li | Modeling of damage sensing in fiber composites using carbon nanotube networks[END_REF][START_REF] Ahmed | Development of a Novel Integrated Strengthening and Sensing Methodology for Steel Structures Using CNT-Based Composites[END_REF][START_REF] Thostenson | Carbon nanotube-based health monitoring of mechanically fastened composite joints[END_REF] added 0.5 wt% of MWCNT into the matrix of a glass fibre epoxy (GFEP) laminate and monitored real-time strain applied to the composite. They have linked the changes in the resistance's slope with the composite intrinsic events. Figure 16.a presents the electrical behaviour when the laminate is subjected to increasing cycling loading. Three electrical behaviours have been detected by the authors, corresponding to the opening of previous cracks, the elastic deformation of the sample, and the accumulation of new damage in the laminate. The authors further linked this accumulation of damage with the drift of resistance at rest as shown in Figure 16.b. They noticed that a YOUNG's Modulus decrease from 28 to 26 GPa for cyclic strain in the elastic region below 0.4 % did not affect the electrical resistance, while further strain increase above 1.5 % reduced the modulus to 23 GPa and the residual resistance reached 5500 Ω.cm -1 .

(a) (b) Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 37/154

The authors suggested that the accumulation of new damages modified the network of CNT which resulted in the increase of the resistance at rest. They have also compared the resistance change with the acoustic emission to monitor the propagation of damages in laminates [START_REF] Gao | Coupled carbon nanotube network and acoustic emission monitoring for sensing of damage development in composites[END_REF].

While the CNT network was sensitive to matrix damages like micro-cracking, with a resistance variation of 5000 Ω.cm -1 due to cracks reopening, the AE method was able to sense delamination of fibre breaking, with the detection of more than 8000 counts during the sample final failure, thus illustrating the complementarity of the two studied methods. However the resin's viscosity was also shown to be affected by the presence of CNT, making subsequent processing of large-scale sensors very difficult [START_REF] Dai | Processing and Characterization of a Novel Distributed Strain Sensor Using Carbon Nanotube-Based Nonwoven Composites[END_REF]. Moreover, this strategy implied a global change of the sample's resistance, avoiding therefore the localisation of damage.

In addition to the measure of the resistance, BEKAS and PAIPETIS [START_REF] Bekas | Damage monitoring in nanoenhanced composites using impedance spectroscopy[END_REF][START_REF] Bekas | Study of the Effect of Damage on the Electrical Impedance of Carbon Nanotube Reinforced Epoxy Nanocomposites[END_REF] have investigated the evolution of the sensor's impedance during a tensile test. They found that the CNT network can be schematically represented as parallel resistance and a capacitance circuit, as shown in Figure 17.a. It has been estimated that the resistance and capacitance variation during a deformation were induced by the distance's change between CNT [START_REF] Sanli | Piezoresistive characterization of multi-walled carbon nanotube-epoxy based flexible strain sensitive films by impedance spectroscopy[END_REF]. The authors reported four regions during mechanical testing of GFEP with 0.5 wt% of CNT in the matrix: Figure 17: a) Equivalent RC circuit representing the epoxy CNT system and b) resistance and capacitance's evolution of a 0.5 wt % CNT in epoxy sample during a tensile test as a function of the applied load (% of Ultimate Tensile Strength). Three regions are represented with damage initiation and matrix microcracking (II), saturation of matrix damage (III) and final failure (IV) [START_REF] Bekas | Damage monitoring in nanoenhanced composites using impedance spectroscopy[END_REF].

To overcome the issue of damage localisation, BALTOPOULOS et al. [START_REF] Baltopoulos | Exploiting Carbon Nanotube Networks for Damage Assessment of Structural Composites[END_REF][START_REF] Baltopoulos | Exploiting carbon nanotube networks for damage assessment of fiber reinforced composites[END_REF] introduced in 2014 the electrical resistance tomography (ERT) by connecting the samples' edges with electrodes regularly spaced, as shown in Figure 18.

(a) (b) Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 39/154 modification of the CNT network, due to an applied strain on the sample, or the presence of a defect. Based on the voltage measurements, the CNT network was modelled and the damage was identified. Compared to the EIT method, the created network was more isotropic than the carbon fibres network in a CFEP. The number of required measurements was therefore less important [START_REF] Schueler | Damage detection in CFRP by electrical conductivity mapping[END_REF]. The authors reported a sensitivity to damage smaller than 0.1% of the total inspected area and a localisation error around 10 %. The defects localisation precision was linked to the number of electrodes, as well as the time of calculation to model the CNT network. For a 32 electrodes sample, the number of voltage measurements was above 1 000 [START_REF] Gallo | Spatial damage detection in electrically anisotropic fiber-reinforced composites using carbon nanotube networks[END_REF] and the time of calculation was about 5 min [START_REF] Dai | A Novel Methodology for Spatial Damage Detection and Imaging ___________________________________________________________________________ 143/154 Using a Distributed Carbon Nanotube-Based Composite Sensor Combined with Electrical Impedance Tomography[END_REF], illustrating the limitation of ERT to detect punctual event and thus a limited technic for real-time monitoring.

Pursuing efforts on the localisation issue, NAGHASPOUR et al. [START_REF] Naghashpour | Motion of carbon nanotubes based polymer nanocomposites subjected to multidirectional deformation[END_REF][START_REF] Sarvestani | Investigation of Through-Thickness Stresses in Composite Laminates Using Layerwise Theory method and the integral equation theory were used by[END_REF][START_REF] Naghashpour | A technique for real-time detecting, locating, and quantifying damage in large polymer composite structures made of carbon fibers and carbon nanotube networks[END_REF][START_REF] Naghashpour | In situ monitoring of through-thickness strain in glass fiber/epoxy composite laminates using carbon nanotube sensors[END_REF][START_REF] Naghashpour | A technique for real-time detection, location and quantification of damage in large polymer composite structures made of electrically non-conductive fibers and carbon nanotube networks[END_REF] proposed to use the electric potential measurement (EPM). The authors mapped the whole surface of a CFEP with 0.3 wt% CNT in the matrix with electrodes as illustrated in Figure 19, and continuously measured the change of resistance between each pair of electrodes. Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 40/154

The researchers have studied the effect of a hole size and impact energy on the change of resistance of the sample. They reported that the change of the resistance between two electrodes in the presence of a hole was proportional to the hole's volume [START_REF] Naghashpour | A technique for real-time detecting, locating, and quantifying damage in large polymer composite structures made of carbon fibers and carbon nanotube networks[END_REF]. They were also able to detect and localise barely visible impacts of 1 J. The precision of the EPM method was directly linked to the number of electrodes applied on the surface and their inter-distance.

Compared to the ERT method, on the one hand the number of electrodes needed to map the surface of the sample was higher because only the resistance between two consecutives electrodes was measured. On the other hand, the number of electrodes allowed recording the local resistance without any additional calculation. The resulting mapping of the sample was instantaneous compared to the ERT method. The authors have therefore patented this method [START_REF] Van Hoa | Method and system for detecting and locating damages in composite structures[END_REF]. Instead of using local electrodes, VIETS et al. [START_REF] Viets | Damage mapping of GFRP via electrical resistance measurements using nanocomposite epoxy matrix systems[END_REF] used a GFEP filled with 0.3 wt % CNT on which the mapping consisted of parallel silver ink lines drawn on both surfaces perpendicularly, as illustrated in Figure 20. Through this configuration, the authors created a "through thickness" mapping device. They consequently reported the detection of 7.65 J impacts on the surface and the induced delamination of the sample by recording the resistance. 

II.3.2.4 CNT deposited on fibres as a sensing element

Another possibility of using CNT network to create a sensing element has been investigated

in the literature through their coating directly on a fibre inserted in the composite, called "fuzzy fibre". ZHANG et al. [START_REF] Zhang | The use of carbon nanotubes for damage sensing and structural health monitoring in laminated composites: a review[END_REF] showed that this strategy allowed the monitoring of the piezo-resistive behaviour at the interface between a single fuzzy fibre and the polymer matrix.

MÄDER et al. [START_REF] Zhang | Functional interphases with multi-walled carbon nanotubes in glass fibre/epoxy composites[END_REF][START_REF] Gao | Glass Fibers with Carbon Nanotube Networks as Multifunctional Sensors[END_REF][START_REF] Siddiqui | Tensile strength of glass fibres with carbon nanotube -epoxy nanocomposite coating : Effects of CNT morphology and dispersion state[END_REF][START_REF] Zhang | Single MWNT-Glass Fiber as Strain Sensor and Switch[END_REF] made the surface of glass fibres conductive by electrophoretic deposition (EPD) [START_REF] Sarkar | Electrophoretic Deposition (EPD): Mechanisms, Kinetics, and Application to Ceramics[END_REF] and dip-coating in a nanotubes solution prior embedding it into an epoxy matrix. The authors performed tensile deformation on the laminate with an in-situ
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Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 41/154 electrical measurement, as shown in Figure 21.a, and identified 3 stages in the electrical response. At first, the resistance variation was linear with the applied strain caused by dimensional changes of MWCNT networks in the interphase. At 1 % of strain, they measured a GF close to 1. Then, an exponentially increase of the slope occurred. The authors related it to the stress concentration at interphases, the increasing distance between CNT and the loss of contact points. Finally, the propagation of cracks in the composite disconnected the network, inducing the resistance value to suddenly increase to infinite. In this way, the authors suggested that CNT coated glass fibre could be used as a mechanical sensor, and this CNTfibre architecture has ensued interest in the fibres manufacturer community [START_REF] Nguyen | Conductive fiber reinforced polymer composite and multifunctional composite[END_REF]. The authors have also investigated the use of a CNT network as a temperature and humidity sensor as shown in Figure 21.c-d [START_REF] Gao | Glass Fibers with Carbon Nanotube Networks as Multifunctional Sensors[END_REF]. They found an exponential relation with humidity, ie the resistance was increased by 50 % from 20 to 80 RH %. They also reported that the CNT network had a negative temperature coefficient effect (NTC), however disturbed at the glass transition temperature. The change of relative resistance was up to 40 % on a 300 K range, thus illustrating that the CNT resistivity was not limited to strain and damage, but also to environmental parameters like temperature and humidity.

Another attempt has been done to coat fibres by in-situ growth of the carbon nanotubes [START_REF] He | Design of Electrically Conductive Structural Composites by Modulating Aligned CVD-Grown Carbon Nanotube Length on Glass Fibers[END_REF],

thus creating sensing fibres for strain and damage monitoring [START_REF] Mehdikhani | Strain mapping at the microscale in hierarchical polymer composites with aligned carbon nanotube grafted fibers[END_REF]. LAFDI et al. [START_REF] Sebastian | Health monitoring of structural composites with embedded carbon nanotube coated glass fiber sensors[END_REF][START_REF] Boehle | Modeling of an embedded carbon nanotube based composite strain sensor[END_REF][START_REF] Boehle | Carbon nanotubes grown on glass fiber as a strain sensor for real time structural health monitoring[END_REF] have studied the influence of the orientation of such sensitive glass fibre in a glass fibre epoxy laminate, as observed in Figure 21.b. The change of resistance was affected by the orientation of the fibre relatively to the strain direction, with a maximum of sensitivity when the fibre was longitudinal (GF = 2.5), and a negative sensitivity when the fibre was in the transverse direction. The authors attributed the variation of sensitivity to the POISSON ratio. Other authors had also found that the POISSON ratio directly affected the piezo-resistive properties of the sensor when CNT were deposited on a substrate having a tuneable POISSON ratio [START_REF] Li | Poisson Ratio and Piezoresistive Sensing: A New Route to High-Performance 3D Flexible and Stretchable Sensors of Multimodal Sensing Capability[END_REF] or by simulation [START_REF] Gong | Carbon nanotube agglomeration effect on piezoresistivity of polymer nanocomposites[END_REF]. Because the fibre aspect ratio (~ 1000) was very high for LAFDI et al.

[43], the deformation of the fibre was principally possible along its axis, which enhanced the on-axis sensitivity in addition to the POISSON ratio [START_REF] Gong | Carbon nanotube agglomeration effect on piezoresistivity of polymer nanocomposites[END_REF]. Therefore LAFDI et al. succeeded to create a fibre sensitive to the orientation of the strain. This property was not reached by the Bucky paper or the bulk dispersion because the aspect ratios of those sensors were at least 1000 smaller than the fibre's one. Similar results were obtained by LUO et al. [START_REF] Luo | SWCNT-thin-film-enabled fiber sensors for lifelong structural health monitoring of polymeric composites -From manufacturing to utilization to failure[END_REF] with the spray technic used to coat the fibre with pristine SWCNT which led to a GF = 1.25. The authors patented their technic to create a flexible motion sensor [START_REF] Luo | US20150248159A1[END_REF].
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II.3.2.5 Self-sensing materials based on hybrids fillers

Besides thermal [START_REF] Yasmin | Mechanical and thermal properties of graphite platelet/epoxy composites, Polymer (Guildf). Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel[END_REF][START_REF] Saleem | Mechanical and Thermal Properties of Thermoset-Graphene Nanocomposites[END_REF][START_REF] Kumar | Ultrahigh electrically and thermally conductive selfaligned graphene/polymer composites using large-area reduced graphene oxides[END_REF][233], or electrical properties of composites [START_REF] Wichmann | Piezoresistive response of epoxy composites with carbon nanoparticles under tensile load[END_REF][START_REF] Accorsi | The Impact of Carbon Black Morphology and Dispersion on the Weatherability[END_REF][START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF][START_REF] Novák | Electro-conductive resins filled with graphite for casting applications[END_REF][START_REF] Chiacchiarelli | The role of irreversible and reversible phenomena in the piezoresistive behavior of graphene epoxy nanocomposites applied to structural health monitoring[END_REF][START_REF] Moriche | Strain monitoring mechanisms of sensors based on the addition of graphene nanoplatelets into an epoxy matrix[END_REF] and they will also modify rheological [START_REF] Feller | Mechanical and rheological properties of poly(ethylene-co-ethyl acrylate) as a function of carbon black content[END_REF][START_REF] Droval | Rheological properties of conductive polymer composite (CPC) filled with double percolated network of carbon nanoparticles and boron nitride powder[END_REF] and crystallisation behaviours [START_REF] Lagreve | Poly(butylene terephthalate)/poly(ethylene-co-alkyl acrylate)/carbon black conductive composites: Influence of composition and morphology on electrical properties[END_REF][START_REF] Pillin | Influence of carbon-black nanoparticles on poly(butylene terephthalate) fractionated crystallization in bicomponent poly(butylene terephthalate)/poly(ethylene-co-ethyl acrylate) blends[END_REF].
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[234] observed a similar percolation threshold value of 0.025 wt % for both fillers. Yet the resulting conductivity was 10 times lower with CNP because of the lower aspect ratio.

WICHMANN et al. [START_REF] Wichmann | Piezoresistive response of epoxy composites with carbon nanoparticles under tensile load[END_REF] have found similar electrical behaviour for CNP and CNT reinforced epoxy when subjected to tensile deformation. The CNP-filled system displayed an increase of sensitivity by a factor 2 and an initial resistance one decade higher. The authors explained it by the lower number of contacts and the larger gap between particles. On another side, NOVAK and KRUPA [START_REF] Novák | Electro-conductive resins filled with graphite for casting applications[END_REF] studied the evolution of the electrical conductivity of epoxy and poly(urethane) based composites reinforced with raw graphite powder. The authors found a percolation threshold value of 22 vol. % in both matrices, which was about 100 times higher than systems filled with CNT. An attempt to reduce the percolation threshold was done, through the exfoliation of graphite, enabling the dissociation of some graphite sheets [START_REF] Sengupta | A review on the mechanical and electrical properties of graphite and modified graphite reinforced polymer composites[END_REF].

They succeeded by reaching a percolation threshold of 1 wt % [START_REF] Jia | Performance of expanded graphite and expanded milled-graphite fillers in thermosetting resins[END_REF][START_REF] Zheng | Characterizations of expanded graphite/polymer composites prepared by in situ polymerization[END_REF]. Other authors went further in the graphite exfoliation and obtained GNP that lowered the threshold down to 0.3 wt % [START_REF] Chandrasekaran | Preparation and characterization of graphite nano-platelet (GNP)/epoxy nano-composite: Mechanical, electrical and thermal properties[END_REF][START_REF] Li | Percolation threshold of conducting polymer composites containing 3D randomly distributed graphite nanoplatelets[END_REF], while maintaining the final conductivity 4 decades higher than the pristine epoxy one [START_REF] Moriche | Electrically conductive functionalized-GNP/epoxy based composites: from nanocomposite to multiscale glass fibre composite material[END_REF]. In laminates, GNP have a preferential localisation along the fibres. Due to

Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 44/154 the high aspect ratio of GNP, the conductivity along the fibres direction was about 10 times higher than through the thickness [START_REF] Moriche | Electrically conductive functionalized-GNP/epoxy based composites: from nanocomposite to multiscale glass fibre composite material[END_REF]. The use of GNP as a strain and damage sensor inside composites has been the object of fewer studies than CNT [START_REF] Chiacchiarelli | The role of irreversible and reversible phenomena in the piezoresistive behavior of graphene epoxy nanocomposites applied to structural health monitoring[END_REF][START_REF] Moriche | Strain monitoring mechanisms of sensors based on the addition of graphene nanoplatelets into an epoxy matrix[END_REF][START_REF] Li | Nonlinear dynamic characteristics of graphene/piezoelectric laminated films in sensing moving loads[END_REF][START_REF] Zha | High-performance strain sensors based on functionalized graphene nanoplates for damage monitoring[END_REF][START_REF] Liu | A novel strain sensor based on graphene composite films with layered structure[END_REF][START_REF] Moriche | Reversible phenomena and failure localization Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel 2017 Chapter VII: Appendix ___________________________________________________________________________ 145/154 in self-monitoring GNP/epoxy nanocomposites[END_REF][START_REF] Liu | Electrically conductive thermoplastic elastomer nanocomposites at ultralow graphene loading levels for strain sensor applications[END_REF][START_REF] Sanchez | Graphene Nanocomposites As Strain-Damage Sensor[END_REF][START_REF] Rinaldi | Graphene-Based Strain Sensor Array on Carbon Fiber Composite Laminate[END_REF]. URENA et al.

[237] presented the use of GNP filled epoxy matrix as a strain sensor. As it has been previously observed for CNT (Figure 21.a), for a sample subjected to a tensile deformation, the resistance of the network is first showing a linear increase, followed by an exponential one, as shown in Figure 23a. Interestingly increasing the GNP content from 2 to 5 wt %, converts the exponential shape of electrical response into a linear one. However, the sensitivity was also decreased accordingly with a change of resistance at 0.020 strain of 1.2 and 0.35 for 2 to 5 wt % respectively (Figure 23b). The authors explained this decrease of sensitivity by the reduction of the distance between GNP and the associated lower resistance. Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 46/154

From a mechanical point of view, MA et al. [START_REF] Ma | Enhanced Electrical Conductivity of Nanocomposites Containing Hybrid Fillers of Carbon Nanotubes and Carbon Black[END_REF] showed a 20 % improvement of fracture strength for CNP 0.2 wt %/CNT 0.2 wt % compared to neat epoxy. The value was also higher compared to CNP or CNT at 0.2 wt % or 0.4 wt % in epoxy, thus illustrating the synergistic effect.

Later, WEI et al. [START_REF] Wei | The synergy of a three filler combination in the conductivity of epoxy composites[END_REF] studied the effect of the introduction of CNP in a GNP-epoxy composite. For a nano composite filled with 1 wt % carbon nano fillers, they reached the highest conductivity of 10 -4 S.cm -1 with 0.9 wt % of CNP and 0.1 wt % of GNP, which was 3 decades larger than the 1 wt % GNP filled epoxy. It is assumed that CNP particles were able to fill the gap between GNP, therefore avoiding their agglomeration as proposed by the authors in Figure 25 and allowing a more easy disconnection of the conducting architecture as also noticed by TUNG et al. [START_REF] Tung | Enhancing the sensitivity of graphene/polyurethane nanocomposite flexible piezo-resistive pressure sensors with magnetite nano-spacers[END_REF] who used magnetite nanoparticles as nano spacers to enhance the sensitivity of graphene based piezo-resistive nano composites. The authors of [START_REF] Wei | The synergy of a three filler combination in the conductivity of epoxy composites[END_REF] also studied the effect of adding CNT in the previous mix, and finally observed the lowest percolation threshold at 0.2 wt % with a ratio in 7:1:2 of GNP/CNP/CNT specimen. In the later formulation, CNT were claimed to bridge GNP thus creating more conductive paths. The elongated shapes of CNT facilitated the development of the conductive network. Finally, thanks to their various shapes, the addition of CNP, CNT and GNP allowed improving the structure of 3D network, the particles dispersion, increased the conductivity, and enhanced crack deflection and bridging [START_REF] Szeluga | Synergy in hybrid polymer/nanocarbon composites. A review[END_REF].

LI et al. [START_REF] Li | Hybrid nanocomposites containing carbon nanotubes and graphite nanoplatelets[END_REF] first studied in 2008 the introduction of up to 2 wt% of CNT/GNP in epoxy with CNT amounts ranging from 0.1 to 1 wt %. The authors reached the highest conductivity of 10 -2 S.cm -1 with 1 wt% of CNT, this value being two orders of magnitude higher than for 2
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Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 47/154 wt % GNP. However, they didn't notice any enhancement of the mechanical properties (YOUNG's modulus, flexural strength). Highly filled CNT/GNP-epoxy nano composites were studied by YU et al. [START_REF] Yu | Enhanced Thermal Conductivity in a Hybrid Graphite Nanoplatelet -Carbon Nanotube Filler for Epoxy Composites[END_REF], who used total nano filler contents ranging from 5 to 40 wt %.

They reported no visible synergistic effect possibly due to a too high amount of fillers. The optimisation of the GNP:CNT ratio for mechanical properties showed nevertheless various results [START_REF] Yang | Synergetic effects of graphene platelets and carbon nanotubes on the mechanical and thermal properties of epoxy composites[END_REF][START_REF] Chatterjee | Size and synergy effects of nanofiller hybrids including graphene nanoplatelets and carbon nanotubes in mechanical properties of epoxy composites[END_REF]. For relatively similar total fillers content, the optimal GNP:CNT ratio obtained was 1:9 and 9:1 for 0.5 and 1 wt% filled sample, respectively. Indeed, for slightly filled composites, the addition of GNP enabled creating a higher surface contact than with CNT alone. In the other hand, for highly filled composites, CNT contributed to the bridging of GNP. Unfortunately, no similar information on the electrical synergy between CNT and GNP is available in the literature.

Regarding the use of hybrid nano fillers in piezo-resistive sensors, only few studies can be found in the literature. ZHAO and BAI [START_REF] Zhao | Highly Sensitive Piezo-Resistive Graphite Nanoplatelet-Carbon Nanotube Hybrids/Polydimethylsilicone Composites with Improved Conductive Network Construction[END_REF], in 2015, have grown aligned CNT by CVD onto GNP with a final mass ratio of 1:1. The hybrid fillers were then dispersed in PDMS to form a 3D network. The authors estimated the percolation threshold at 0.64 vol. %, which was below usual values in PDMS. The resulting nano composite was used as a pressure and human motion sensor. Due to the low particles concentration, the transverse strain with the applied pressure favoured the disconnection of the network and thus led to an increase of the resistance, as shown in Figure 26a. The variation of the filler content from 0.8 to 1.5 vol. % showed a decrease of the sensor's sensitivity of nearly two decades. The authors assumed that the increase of the filler content could favour the creation of a "hub" structure, thus enhancing the interfacial area and extending the effective contact space between fillers. Inversely, at high filler percentage, despite the sample's high deformation, the connected fillers were therefore able to maintain the pathways conductive, explaining the lower sensitivity observed. In their study, LIU et al. [START_REF] Liu | Enhanced electrical conductivity and mechanical stability of flexible pressure-sensitive GNPs/CB/SR composites: Synergistic effects of GNPs and CB[END_REF] have chosen to use carbon nanoparticles and graphene to enhance the pressure piezo-resistive performance of a silicone rubber graphene sensor. The addition of CNP led to a more stable electrical signal with repeated loadings, with a more constant relative resistance decrease down to 75 % at 1 MPa loading, as shown in Figure 26b.

Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel 2017

Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 48/154 a) b)

Figure 26: a) Typical pressure-resistance behaviour variation of GNP-CNT/PDMS composites [START_REF] Zhao | Highly Sensitive Piezo-Resistive Graphite Nanoplatelet-Carbon Nanotube Hybrids/Polydimethylsilicone Composites with Improved Conductive Network Construction[END_REF]. b) Repeatability of the piezo-resistive characteristics of GNP/SR at 4.1 wt% and GNP/CNP/SR (GNP:CNP=2) at 5.5 wt % [START_REF] Liu | Enhanced electrical conductivity and mechanical stability of flexible pressure-sensitive GNPs/CB/SR composites: Synergistic effects of GNPs and CB[END_REF].

Among all the different strategies used to develop self-sensing epoxy based composites, the creation of conductive networks inside the insulating epoxy matrix by the percolation of nano carbon particles, especially CNT, seems the most promising. The simple monitoring of the nano composite's resistance allowed to correlate strain and damage with the matrix piezoresistive behaviour. The state of dispersion, as well as the CNT content in the matrix appeared to be primordial parameters to control the material's conductivity and its resulting sensitivity.

Three strategies have been discussed in the case of CNT: Bucky paper (random network of CNT), matrix reinforcement (CNT percolated into the polymer) and fuzzy fibres (CNT coating an insulating fibre). All strategies have proved to be effective in measuring strain and detecting damages. Nevertheless, some lockers to their industrialisation remain, such as for instance, the weakening of the interface between the CNT and the matrix resulting from the use of Bucky papers that may decrease the composite mechanical properties. While, the localisation of strain and damage in a matrix completely filled with CNT has been demonstrated with both ERT and EPM technics, a reduction of the calculation time (ERT) or the number of electrodes (EPM) has still to be improved in the case of real time monitoring.

In the case of fuzzy fibres, the sensibility to the orientation of strain has been obtained thanks to the high aspect ratio of fibres. Finally, the possible synergistic effect between carbon nanoparticles in epoxy based hybrid composites has been discussed. To date, few studies concern the electrical behaviour of those hybrids. Thanks to the different particles geometry the bridging effect and the creation of hub like interconnection may enhance specific electrical parameters such stability of responses during cycling deformation. The synergistic effect on the electrical behaviour like sensitivity or stability has to be considered, in the aim of improving the previous sensing strategies for strain and damage monitoring.
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II.4 Towards the upscaling of the technology readiness level (TRL) of nano carbon based materials for strain and damage sensing

The current range of commercial sensors for SHM comprises optical fibres, metallic strain gauges and acoustic emission sensors. As discussed previously, most of them are sensitive to damage or strain [START_REF] Dai | Processing and Characterization of a Novel Distributed Strain Sensor Using Carbon Nanotube-Based Nonwoven Composites[END_REF][START_REF] Schumacher | Development of structural carbon nanotube-based sensing composites for concrete structures[END_REF]. Among them, only optical fibres (OF) can be embedded in structures to monitor the health of composite in their core. The main drawbacks of OF still remain their fragility with a limited supported strain below 0.5 %, as well as their introduction of local defects once embedded [START_REF] Waris | Suivi par capteur à fibre optique du procédé Resin Transfer Moulding ( RTM )[END_REF] and GF generally below one [START_REF] Tennyson | Structural health monitoring of innovative bridges in Canada with fiber optic sensors[END_REF][START_REF] Rodriguez-Cobo | Embedded compaction pressure sensor based on Fiber Bragg Gratings[END_REF]. The surface attachment of sensors may also suffer from performance degradation over time due to temperature, moisture effects or wiring problems [START_REF] Ettouney | Infrastructure health in civil engineering[END_REF]. In recent years, few strategies have been proposed to develop new discrete carbon based sensors to overcome those issues.

The first strategy was to deposit CNT/epoxy or GNP/epoxy nano composite films on the surface of the composite specimen by resin casting [START_REF] Meeuw | Morphological influence of carbon nanofillers on the piezoresistive response of carbon nanoparticle/epoxy composites under mechanical load[END_REF][START_REF] Chiacchiarelli | The role of irreversible and reversible phenomena in the piezoresistive behavior of graphene epoxy nanocomposites applied to structural health monitoring[END_REF] as shown in Figure 27a, spraying [START_REF] Robert | Sensing skin for strain monitoring made of PC-CNT conductive polymer nanocomposite sprayed layer by layer[END_REF], or printing [START_REF] Sanli | Piezoresistive characterization of multi-walled carbon nanotube-epoxy based flexible strain sensitive films by impedance spectroscopy[END_REF][START_REF] Kanoun | Potential of Flexible Carbon Nanotube Films for High Performance Strain and Pressure Sensors[END_REF][START_REF] Sanli | Piezoresistive performance characterization of strain sensitive multiwalled carbon nanotube-epoxy nanocomposites[END_REF][START_REF] Bouhamed | Processing and characterization of MWCNTs/epoxy nanocomposites thin films for strain sensing applications[END_REF], the sensor's sensitivity being adjusted with the filler content in the matrix [START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF]. The use of a CNT/epoxy system, closely above the percolation threshold at 0.5 wt %, has allowed reaching the very high value of GF of 78 [START_REF] Sanli | Piezoresistive performance characterization of strain sensitive multiwalled carbon nanotube-epoxy nanocomposites[END_REF], while at 0.7 wt % the GF was about 3.2 [START_REF] Meeuw | Morphological influence of carbon nanofillers on the piezoresistive response of carbon nanoparticle/epoxy composites under mechanical load[END_REF]. The resulting sensor had a thickness from 1 µm [START_REF] Robert | Sensing skin for strain monitoring made of PC-CNT conductive polymer nanocomposite sprayed layer by layer[END_REF] to 100 µm [START_REF] Meeuw | Morphological influence of carbon nanofillers on the piezoresistive response of carbon nanoparticle/epoxy composites under mechanical load[END_REF]. In the case of a GNP/epoxy sensor, CHIACCHIARELLI et al. [START_REF] Chiacchiarelli | The role of irreversible and reversible phenomena in the piezoresistive behavior of graphene epoxy nanocomposites applied to structural health monitoring[END_REF] have defined a damage accumulation factor (DAF), based on the change of resistance compared to a model of reversibility, which allowed them quantifying the damage in the matrix during consecutive bending cycling, as plotted in the Figure 27b. The authors have found a linear relationship between the resistance at the beginning of a bending cycle and the quantity of previous accumulated damage. Thus illustrating that, the resistance at rest could therefore be considered as a damage history witness. MICHELIS et al. [START_REF] Michelis | Highly reproducible, hysteresis-free, flexible strain sensors by inkjet printing of carbon nanotubes[END_REF] also proposed a CNT based strain gauge made by inkjet printing of CNT on a polymer substrate that allowed them to make a strain gauge with a GF of 0.98. A similar process has been used by KAIYAN et al. [START_REF] Kaiyan | A fabrication process to make CNT/EP composite strain sensors[END_REF] with the addition of epoxy in the sensor, reaching a GF of 50 and 20 for 0.3 and 0.5 wt % CNT composite, respectively. Nevertheless, one could argue that the sensor is still located on the sample surface, which avoids in situ measurements. As for other industrial sensors, this sensor would also be affected by moisture and temperature.

Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel 2017

Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 50/154 (a) (b)

Figure 27: a) Preparation of nano composite films coating with a doctor blade. The CNT-epoxy solution is deposited with a razor blade on the sample surface and its thickness is controlled by the tape height [START_REF] Meeuw | Morphological influence of carbon nanofillers on the piezoresistive response of carbon nanoparticle/epoxy composites under mechanical load[END_REF]. b) Variation of the damage accumulation factor (DAF) as a function of bending cycles [START_REF] Chiacchiarelli | The role of irreversible and reversible phenomena in the piezoresistive behavior of graphene epoxy nanocomposites applied to structural health monitoring[END_REF].

The second strategy was to embed the CNT based epoxy sensor in the core of the structure.

FELLER et al. [START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF][START_REF] Pillin | Robustness of carbon nanotube-based sensor to probe composites' interfacial damage in situ[END_REF] have sprayed layer by layer (sLbL) CNT-epoxy solutions on the dry glass fibres from the reinforcement textile prior epoxy infusion and curing of the composite as illustrated in Figure 28. Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades ___________________________________________________________________________ 51/154 made of 30 layers of EP -3 wt % CNT and10 layers of EP -1 wt % CNT, respectively. The authors showed that sensors were sensitive to the strain and damage inside the structure until its final failure, as already presented in another study [START_REF] Chiacchiarelli | The role of irreversible and reversible phenomena in the piezoresistive behavior of graphene epoxy nanocomposites applied to structural health monitoring[END_REF]. During fatigue tests, a clear drift of resistance was also visible for a strain level above the elastic limit, while the average resistance was constant for lower strain. The degradation of the structure therefore affected the electrical performance of the sensor, thus supporting the statement that the sensor was in agreement with the structure's state. As illustrated in Figure 29a, SEBASTIAN et al. [START_REF] Sebastian | Health monitoring of structural composites with embedded carbon nanotube coated glass fiber sensors[END_REF] also used several fuzzy fibres in the middle of the structure before curing the composite. Thanks to the high aspect ratio of the fibres (> 1000), the sensor was able to be mainly sensitive to one direction of deformation. DAI et al. [START_REF] Dai | Processing and Characterization of a Novel Distributed Strain Sensor Using Carbon Nanotube-Based Nonwoven Composites[END_REF] have developed strain sensors similar to commercial metallic strain gauges as showed in Figure 29b.

(a) (b)

Figure 29 : a) Sensor-orientation specimen with embedded fuzzy fibres sensors [START_REF] Sebastian | Health monitoring of structural composites with embedded carbon nanotube coated glass fiber sensors[END_REF]. b) Photograph showing a free-standing CNT sensing composite after curing the epoxy, showing its flexibility [START_REF] Dai | Processing and Characterization of a Novel Distributed Strain Sensor Using Carbon Nanotube-Based Nonwoven Composites[END_REF].

The authors selected an aramid nonwoven fabric with about 90 % of voids. They coated the fabric with CNT using a solution casting process, and finally obtained a sheet with about 1.5

wt % of CNT on the fibres. The infusion and curing of epoxy resin inside the sheet enabled them to fabricate a final sensor with about 1.0 wt % of CNT and a thickness of 470 µm. The obtained gauge factor was ranging from 3.64 to 5.34 for 0.75 wt% and 1.0 wt% of CNT respectively. An insulate layer was added to avoid any short-cut in the case of a conductive substrate. Nevertheless, compared to commercial metallic strain gauges, the different strategies proposed have shown some interesting features. Those sensors are able to measure strain as well as damage in composites with adjustable GF. The embedding of sensors into the composite core may also provide supplementary information. However, understanding the influence of external parameters like temperature, humidity, or POISSON coefficient has to be done to improve the technology readiness level of nano carbon based piezo-resistive sensors.
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II.5 Conclusion

The state of the art on structural health monitoring (SHM) for composite structure has highlighted that the different techniques used could be separated into two groups: the strain analysis with metallic strain gauge and optical fibre, and the failure analysis including especially acoustic emission, ultrasonic measurements and optical fibres. Among all those technics, optical fibre can be seen as the most promising one, thanks to its ability to detect both strain and failure, and also the possibility to embed it into the composite structure for in situ measurements. Nevertheless, optical fibre's sensitivity to strain has shown to be lower than commercial metallic strain gauges, and their embedding into composite structures remains challenging to avoid the material weakening. This is why the development of "self-sensing" materials to overcome those issues seem so promising. Actually, these materials proved to be able to provide real-time information about their mechanical behaviour and their environment. From the literature, it appears that most of these materials are recording the composite's variation of resistance. In the case of carbon fibres reinforced epoxy, the carbon fibre's intrinsic resistance has been used to monitor both the structure strain and damages. For instance, the presence of delamination, fibre's fracture has been detected, and a technique to locate defects was also proved to be efficient. However, this solution seems limited to intrinsically conductive materials, and some detection limitation caused by the fibre's orientations may also occur. Hence, to overcome these issues, different strategies have been proposed based on conductive nano composites. Yet, CNT appeared to be currently the most frequently used nano filler to bring conductivity. The addition of CNT into an epoxy matrix led to an insulator to conductor transition called the percolation threshold. Several parameters were found to affect the percolation threshold, such as the CNT dispersion level, the type of CNT, or their surface functionalization. A first strategy, based on the use of a Bucky paper positioned on the composite surface or in the core, succeeded to measure strain and detected damage in electrically insulating composites. However, the incorporation of BP may cause the structure weakening. A second strategy based on epoxy filled with CNT, allowed detecting strain and damage together with initiated defects' localisation. The last strategy consisted in coating a fibre with the nano filler prior to its incorporation into the matrix. In addition to the matrix reinforcement, the coated fibre was found to be sensitive to the deformation direction. Additionally, it can be expected that future self-sensing materials will include various nano carbon fillers such as CNP, CNT, or graphene as a synergistic effect could enhance the sensitivity of the resulting nano composite. Although
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Among all the presented strategies, the Smart Plastics Group (IRDL CNRS 3744 -UBS) has chosen to create QRS that can be directly integrated in the core of a composite or on its surface in order to allow its SHM. The fabrication of QRS present in particular the advantages to be rather easily up scalable whatever the composite's fabrication process, give local information of damage as well as strain mapping capability and provide several processing adjustment parameters. The previous works of the group [START_REF] Robert | Développement de senseurs par l'intégration de nanoComposites Polymères Conducteurs (CPC) pour le suivi de déformation et d'endommagement des structures composites[END_REF][START_REF] Nag-Chowdhury | Conductive Polymer nanoComposite Quantum Resistive strain Sensors for structural composites' damage monitoring[END_REF] were focused on the development of Quantum Resistive strain Sensors (QRS) for surface and in situ measurements. As part of the EVEREST project, one aim of this thesis is the upscaling of QRS among a commercial device for the SHM of big composite structures like wind turbine blades. Therefore, the carbon particles used in the project have been restrained to CNT, since the current main solution proposed in the literature and the previous studies of the SPG are based on CNT. Indeed, CNT have already reached an industrial production [280] compared to graphene and GNP, and the highest conductivity of CNT based epoxy composites compared to CNP [START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF] is preferable to avoid electrical disturbances in the sensors measurements. To achieve the scaling up of QRS, it is thus relevant to study the effect of external parameters, as the properties of the structure, the applied deformation characteristics or the environmental parameters, on the electrical behaviour of the sensor during the in use state of the structure. In addition, to provide in situ SHM measurements, the QRS has to be embedded in the structure during the manufacturing process which could affect the characteristics of the sensors with the combination of time and temperature. Therefore, it is compulsory to study the electrical behaviour of the sensor during the crosslinking of the resin, i.e., the manufacturing of the instrumented composite part. On the one hand, the variation of properties of the sensor could be estimated prior to the in service use of the structure. On the other hand, a process monitoring could also been done by the sensors. It could provide some insight on the process smooth running, the quality and the resulting mechanical properties of the structure. QRS would therefore be used through the complete life of the structure, from manufacturing, thanks to the process monitoring, until the final failure of the structure, thanks to the SHM.

III.1 Introduction

The development of sensors for composites' health monitoring has been mainly focused on the detection of strain and damages for in service structures. The alteration of the structure properties may happen in supplementary steps of the structure life, as illustrated in Figure 30,

where the different stages of the composite life are summarised, from design to final failure. It can be seen that each of the presented steps shows an interest for a SHM system. Usually the SHM system (presented in chapter II) is restricted to operation, extreme situation, inspections and maintenance, and repair thanks to the use of the strain and damage sensors. Nevertheless, the design enables to identify the zone with higher risks of failure and the manufacturing process has a key role in the development of the materials characteristics [START_REF] De Villoria | Mechanical properties of SWNT/epoxy composites using two different curing cycles[END_REF][START_REF] Davies | Effect of cure cycle heat transfer rates on the physical and mechanical properties of an epoxy matrix composite[END_REF]. Therefore it is compulsory to monitor and control the structure fabrication process to optimise the structure properties or detect any anomaly in the process. Nowadays for composites, the real time monitoring is mainly limited to time and temperature [START_REF] Schubel | Review of structural health and cure monitoring techniques for large wind turbine blades[END_REF][START_REF] Merad | In-situ monitoring of the curing of epoxy resins by Raman spectroscopy[END_REF]. In the case of a thermoset resin, as epoxy, the resin crosslinking degree controls most of the mechanical properties of the material [START_REF] Lapique | Curing effects on viscosity and mechanical properties of a commercial epoxy resin adhesive[END_REF]. The crosslinking degree is currently estimated based on the time and temperature monitoring without any direct measurement. For thermoset resins, a curing monitoring system should provide the following information:

indicate the curing degree, and give additional information as the residual stresses and the product quality [START_REF] Jang | TECHNIQUES FOR CURE MONITORING OF THERMOSET RESINS AND COMPOSITES -A REVIEW[END_REF][START_REF] Fernando | Fibre optic sensor systems for monitoring composite structures[END_REF]. In addition for the detection of in situ curing, the curing system should be non-intrusive and not interfere with the process.
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In the case of DGBA epoxy and amine hardener, the crosslinking reaction to form the 3 D network is exothermic. To estimate the crosslinking degree, Differential Scanning Calorimetry (DSC) [START_REF] Olcese | Curing kinetics of epoxy resins[END_REF][START_REF] Kamal | Kinetics and thermal characterization of thermoset cure[END_REF][START_REF] Barton | Monitoring the Cross-Linking of Epoxide Resins by Thermoanalytical Techniques[END_REF][START_REF] Vyazovkin | Mechanism and Kinetics of Epoxy-Amine Cure Studied by Differential Scanning Calorimetry[END_REF] uses the assumption that the exothermic heat produced is proportional to the degree of conversion of the monomer. The measure of the glass transition temperature (T g ) via DSC supplies an additional indication of the resin's state of curing. The Fourier Transforms Infrared Spectrometer (FTIR) [START_REF] Bhargava | Studying polymer-dispersed liquid-crystal formation by FTIR spectroscopy. 1. Monitoring curing reactions[END_REF][START_REF] González-González | Infrared Spectroscopy -Materials Science[END_REF][START_REF] Sanchezsoto | Curing FTIR study and mechanical characterization of glass bead filled trifunctional epoxy composites[END_REF] enables to monitor the evolution of the curing degree based on the change of intensity of functional groups involved in the crosslinking reaction of a DGBA resin and a amine hardener, as shown in Figure 31. Rheometry measures the increase of the resin's viscosity with the crosslinking and the chain's entanglement [START_REF] Winter | Can the gel point of a cross-linking polymer be detected by theG? -G? crossover?[END_REF][START_REF] Roller | Rheology of curing thermosets: A review[END_REF][START_REF] Sbirrazzuoli | A Study of Epoxy-Amine Cure Kinetics by Combining Isoconversional Analysis with Temperature Modulated DSC and Dynamic Rheometry[END_REF]. Nevertheless, those three technics are all destructive methods on small samples and cannot be used to make a continuous measurement of the curing state of a structure. Dielectric Analysis (DEA) [START_REF] Nass | Analysis of the Dielectric Response of Thermosets During Isothermal and Nonisothermal Cure[END_REF][START_REF] Bidstrup | Dielectric analysis of the cure of thermosetting epoxy/amine systems[END_REF][START_REF] Hardis | Cure kinetics characterization and monitoring of an epoxy resin using DSC, Raman spectroscopy, and DEA[END_REF] enables a continuous evaluation of the ions mobility inside the resin with an oscillating electrical field. The amplitude change and phase shift conducted to the calculation of the dielectric properties as the permittivity ε' and loss factor ε". The curing progress reduced the ions mobility and the dipoles rotation. The curing degree can be assessed while measuring the loss factor, and knowing the initial and final values [START_REF] Hardis | Cure kinetics characterization and monitoring of an epoxy resin using DSC, Raman spectroscopy, and DEA[END_REF]. DEA is usually a surface curing evaluation to avoid any defects with the addition of the electrodes. Because the temperature and therefore the cure degree can evolve from the surface to core, the internal cure cannot be estimated with surface measurements [START_REF] Sampath | In-Situ Cure Monitoring of Wind Turbine Blades by Using Fiber Bragg Grating Sensors and Fresnel Reflection Measurement[END_REF]. Recently, the embedding of small DEA sensors with a thickness below 30 µm has been made and has shown successful for internal measurement [START_REF] Moghaddam | Design, Fabrication and Embedding of Microscale Interdigital Sensors for Real-Time Cure Monitoring during Composite Manufacturing[END_REF][START_REF] Yang | Design and fabrication of a flexible dielectric sensor system for in situ and real-time production monitoring of glass fibre reinforced composites[END_REF]. The sensors dimensions (~1 cm²) have been diminished to lower the sensor's intrusivity, but the two studies did not present any result of the sensor impact on the mechanical performance of the structure.

Raman spectroscopy has also been used to provide the internal curing state of a resin [START_REF] Merad | In-situ monitoring of the curing of epoxy resins by Raman spectroscopy[END_REF][START_REF] Hardis | Cure kinetics characterization and monitoring of an epoxy resin using DSC, Raman spectroscopy, and DEA[END_REF]. The curing degree was provided by the proportional reduction of an epoxide function peak intensity, for example the 1275 cm -1 band, normalised by an unaffected function, as the phenyl group at 1160 cm -1 . Although Raman spectroscopy was a nonintrusive curing measurement, its penetration depth was limited by the material dimensions.
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An in situ localised cure monitoring was therefore not possible on thick structure. A comparison of DEA, Raman and DSC has been made for isothermal curing on an epoxy resin by HARDIS et al. [START_REF] Hardis | Cure kinetics characterization and monitoring of an epoxy resin using DSC, Raman spectroscopy, and DEA[END_REF]. The three technics produced similar results. For a 60 °C curing, a maximum disparity close to 10% crosslinking degree was found, while at 100 °C this gap was near 2 %, showing the better agreement at higher temperatures. Those variations can be attributed to the different curing variable measured for each technic, and their different localisation.

The introduction of optical fibres in the core of an epoxy resin has also led to in situ measurements during the curing. The FBG, sensitive to strain and temperature, can be used as a thermocouple and detect the development of residual strain in the structure [START_REF] Waris | Suivi par capteur à fibre optique du procédé Resin Transfer Moulding ( RTM )[END_REF][START_REF] Harsch | Influence of cure regime on the strain development in an epoxy resin as monitored by a fiber bragg grating sensor[END_REF][START_REF] Dewynter-Marty | Embedded Fiber Bragg Grating Sensors for Industrial Composite Cure Monitoring[END_REF][START_REF] Leng | Structural health monitoring of smart composite materials by using EFPI and FBG sensors[END_REF][START_REF] Parlevliet | Measurement of (post-)curing strain development with fibre Bragg gratings[END_REF].

As well, when the gel point is reached, an increase by three of the FBG slope sensitivity to temperature has been spotted [START_REF] Harsch | Influence of cure regime on the strain development in an epoxy resin as monitored by a fiber bragg grating sensor[END_REF][START_REF] Antonucci | Real time monitoring of cure and gelification of a thermoset matrix[END_REF]. Nevertheless, the individual measure of each parameter implies the presence of an additional thermocouple or a strain free additional FBG [START_REF] Dewynter-Marty | Embedded Fiber Bragg Grating Sensors for Industrial Composite Cure Monitoring[END_REF][START_REF] Parlevliet | Measurement of (post-)curing strain development with fibre Bragg gratings[END_REF]. The epoxy curing degree can therefore not be directly measured by a FBG. Yet, the crosslinking process may tend to reduce the space among the molecules which would increase the density of the material, and ultimately the resin's refractive index n [START_REF] Cusano | Optoelectronic sensor for cure monitoring in thermoset-based composites[END_REF]. The refractive index can be deduced at the tip of an optical fibre using Fresnel's equation. CUSANO et al.

[308] had found a correlation of R² = 0.998 with DSC using this method. To avoid any additional material incorporation in the composite, WANG et al. [START_REF] Wang | In-situ monitoring of cross-linking reactions using E-glass fibres and evanescent wave spectroscopy[END_REF] have used water sized reinforcement glass fibres as wave spectroscopy sensors for estimating the crosslinking degree. The authors found a good correlation between the fibres estimation and the theoretical crosslinking advancement. The change of the fibres' coating may modify their interaction with the resin, but they provided local and quantitative information on the resin's cure advancement. The use of optical fibres was therefore promising for in situ monitoring the curing state of a thermoset resin with little interference with the environment.

All the previously presented technics were successful for curing monitoring of epoxy resins.

Except FBG, they are all limited in the objective of a complete life monitoring technic of a composite structure from manufacturing through its catastrophic failure. Even FBG are limited to the measurement of temperature, strain and gel point without the resin's current curing state. One could notice that the development of a unique system providing the curing state of a composite followed by the strain and damage structure monitoring has still not been demonstrated.
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As shown is chapter II, CNT can be used to create a conductive network inside an insulated epoxy resin, and it has reached some interest for SHM systems. During the manufacturing process, the resin chains rearrangement and the temperature effect on chains mobility may also affect the conductive network. The addition of CNT in a resin may also modify the crosslinking behaviour. According to PUGLIA et al. [START_REF] Puglia | Effects of single-walled carbon nanotube incorporation on the cure reaction of epoxy resin and its detection by Raman spectroscopy[END_REF][START_REF] Valentini | Dielectric behavior of epoxy matrix/singlewalled carbon nanotube composites[END_REF][START_REF] Puglia | Analysis of the cure reaction of carbon nanotubes/epoxy resin composites through thermal analysis and Raman spectroscopy[END_REF], at high weight percentage (> 5 wt%), it results in an acceleration of the curing, especially at high temperatures. The authors observed a diminution of 25 % of the time of maximum rate with addition of 5 wt% of SWCNT, without any noticeable effect on the total heat flow released during the isothermal curing. For a lower 3 wt% of CNT, CHOI et al. [START_REF] Choi | Curing behavior and properties of epoxy nanocomposites with amine functionalized multiwall carbon nanotubes[END_REF] didn't notice any change of the curing behaviour for pristine MWCNT, unlike amine functionalized CNT that favoured the curing reaction. At 1 wt% MWCNT, similar results on the absence of effect on the curing behaviour have also been reported [START_REF] Xie | Cure kinetics of carbon nanotube/tetrafunctional epoxy nanocomposites by isothermal differential scanning calorimetry[END_REF]. An increase of the isothermal curing temperature has also shown a better agreement of the crosslinking degree between the neat and filled resin [START_REF] Xie | Cure kinetics of carbon nanotube/tetrafunctional epoxy nanocomposites by isothermal differential scanning calorimetry[END_REF][START_REF] Fogel | Thermal, rheological and electrical analysis of MWCNTs/epoxy matrices[END_REF][START_REF] Tao | Effects of carbon nanotube fillers on the curing processes of epoxy resin-based composites[END_REF]. For low CNT concentration (< 3 wt%) in an epoxy matrix, one could therefore consider the curing behaviour similar to the pristine resin.

In this chapter, the potential of a CNT-epoxy based sensor, also named Quantum Resistive Sensor (QRS), for monitoring the composite manufacturing process is investigated. A characterisation of the isothermal curing of an epoxy resin is firstly made. Then, the evolution of the resistance of the same resin filled with CNT during isothermal curing is conducted.

Two cases are studied, with and without the crosslinking reaction. The aims of those first two parts are to link the sensor's change of resistance with its curing degree during isothermal treatments, and to estimate the influence of the different mechanisms in the sensor's change of resistance. The use of the sensor for a process monitoring during a complex curing cycle, and with unexpected events is then investigated. Finally, the sensor's use for SHM is presented to illustrate its potential as a possible complete monitoring system from manufacturing through final failure.

III.2 Isothermal curing of the neat resin

To describe the crosslinking behaviour of epoxy resins, isothermal curing is often used [START_REF] Olcese | Curing kinetics of epoxy resins[END_REF][START_REF] Kamal | Kinetics and thermal characterization of thermoset cure[END_REF][START_REF] Barton | Monitoring the Cross-Linking of Epoxide Resins by Thermoanalytical Techniques[END_REF][START_REF] Sourour | Differential scanning calorimetry of epoxy cure: isothermal cure kinetics[END_REF][START_REF] Ryan | Kinetics of epoxy cure: a rapid technique for kinetic parameter estimation[END_REF]. The Figure 33 presents the evolution of the crosslinking degree of the neat epoxy resin as a function of time at four different isothermal curing temperatures with DSC measurements under 40 mL/min nitrogen flow.
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A first decrease of the viscosity is visible during the first 100 seconds. This decrease is larger at higher temperatures. It corresponds to a resin's softening with the heating ramp as for nonisothermal curing [START_REF] Roller | Rheology of curing thermosets: A review[END_REF]. The following viscosity sharp increase evidences the resin's crosslinking reaction, which is enhanced at higher temperatures. ROLLER has used the following empirical model, shown in Equation 6, to describe the viscosity evolution during isothermal treatment [START_REF] Roller | Characterization of the time-temperature-viscosity behavior of curing B-staged epoxy resin[END_REF]: Equation 6ln 𝜂 = ln 𝜂 0 + 𝑘 𝑡

Where η is the viscosity, η 0 is the initial viscosity, t is the time, and k is an apparent kinetic factor sensitive to the temperature with an ARRHENIUS law k= 𝐴 exp ( 𝐸 𝑅𝑇

).

In Figure 33, once the viscosity has reached its minimum around 100 s, the following behaviour is coherent with the empirical proposed model. For the first 100 seconds, the softening of the resin with temperature is therefore predominant on the crosslinking reaction concerning the resin's viscosity.

To describe the evolution of the curing rate of the resin with time, KAMAL and SOUROUR [START_REF] Sourour | Differential scanning calorimetry of epoxy cure: isothermal cure kinetics[END_REF] have proposed a model described by Equation 7:

Equation 7 𝑑𝛼 𝑑𝑡 = (𝑘 1 + 𝑘 2 𝛼 𝑚 )(1 -𝛼) 𝑛
Where dα /dt is the curing rate, and α is the crosslinking degree. k 1 is the parameter describing the rate constant of the reaction with the partial order n and k 2 is the parameter corresponding to the autocatalytic reaction with the partial order m. n and m are independent of the temperature, contrary to k 1 and k 2 following an ARRHENIUS

relation 𝑘 1 = 𝐴 1 exp (- 𝐸 1 

𝑅𝑇

) and 𝑘 2 = 𝐴 2 exp (-𝐸 2

𝑅𝑇

) [START_REF] Rabearison | A cure kinetics, diffusion controlled and temperature dependent, identification of the Araldite LY556 epoxy[END_REF].

A least square algorithm with KAMAL and SOUROUR's equation was used to find the resin's curing parameters. The partial orders m and n are independent with the temperature, 0.5 and 2.0-2.3 respectively. In contrast, k 1 and k 2 are highly affected by the temperature (E 1 = 3.8 10 1

and E 2 = 8.8 10 1 kJ.mol -1 ), and k 2 is several orders of magnitude higher than k 1 (A 1 = 2.9 10 2 and A 2 = 9.7 10 9 s -1 ), suggesting that the autocatalytic reaction is predominant over the constant rate of reaction. Those values are in agreement with previous studies [START_REF] Xie | Cure kinetics of carbon nanotube/tetrafunctional epoxy nanocomposites by isothermal differential scanning calorimetry[END_REF][START_REF] Rabearison | A cure kinetics, diffusion controlled and temperature dependent, identification of the Araldite LY556 epoxy[END_REF] as shown in Table 1. In order to find a relation between the change of resistance of a resin filled with CNT and the state of cure; this evaluation of the resin curing characteristics will allow estimating the resin's crosslinking degree during the characterisation of the resin filled with CNT's electrical behaviour with an isothermal curing.
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III.3 Resistance behaviour of a CNT-epoxy nano composite sensor during an isothermal treatment

To investigate on the electrical behaviour of a QRS, made of an epoxy resin filled with 2 wt% CNT (EP-2CNT), during isothermal treatments, two cases are studied. In the first case, the sensor is subjected to different isothermal curing without the addition of the hardener. It avoids the crosslinking reaction to appear in the resin and temperature alone may affect the sensor resistance. In the second case, the hardener is added and the effects of both the temperature and the crosslinking reaction on the resistance are studied. The link between the resin's crosslinking degree and the change of resistance will be investigated. The details of the sensor's fabrication are explained in the appendix.

The Figure 34 presents the normalised electrical resistance evolution of the sensor without crosslinking with different isothermal treatments. For all temperatures, the resistance is first stable for a short time, followed by a decrease. This Chapter III: Self-sensing thermoset composite, understanding the electrical behaviour during the matrix crosslinking: a clue for process monitoring? ___________________________________________________________________________ 62/154 decrease of the final resistance significantly increases with higher isothermal temperatures (ratio R t=4000 /R t=0s of 7.9 10 -4 , 4.0 10 -3 , 2.7 10 -2 , and 4.6 10 -2 for 120, 80, 60, and 40 °C respectively). This behaviour is similar to the one observed in 2002 by WU et al with various thermoplastics matrices filled with carbon black and with a temperature between 160 and 220

°C [START_REF] Wu | Carbon Black as a Self-Diagnosing Probe To Trace Polymer Dynamics in Highly Filled Compositions[END_REF]. The authors have studied the effect of time and temperature on the resin's resistivity. They observed that the final decrease could be larger than 6 orders of magnitude.

They reported that the increase of the temperature diminished also the initial stable time, the value of the final plateau, and the transition period between the 2 parts. The authors described this phenomenon as the "dynamic percolation". As for the static percolation, the conductivity of the matrix was increased of several magnitudes with the formation of a conductive network of percolated particles. However, this transition was not induced by the addition of fillers as for the static percolation, but by the self-agglomeration of the nano fillers due to the increase of Brownian movement without any additional mechanical solicitation as depicted on Figure 35.

(a) (b) , with η the viscosity of the resin, k B the BOLTZMANN constant, T the temperature, and c a constant linked to matrix entanglement, molar mass, and its interaction with the filler.

The dynamic percolation was therefore assumed to be a temperature activated mechanism via an ARRHENIUS law [START_REF] Zhang | Self-assembly and conductive network formation of vapor-grown carbon fiber in a poly(vinylidene fluoride) melt[END_REF]. Dynamic percolation also enabled to reduce the static percolation Chapter III: Self-sensing thermoset composite, understanding the electrical behaviour during the matrix crosslinking: a clue for process monitoring? ___________________________________________________________________________ 63/154 threshold [START_REF] Cipriano | Conductivity enhancement of carbon nanotube and nanofiber-based polymer nanocomposites by melt annealing[END_REF]. BILOTTI et al. [START_REF] Bilotti | Controlling the dynamic percolation of carbon nanotube based conductive polymer composites by addition of secondary nanofillers: The effect on electrical conductivity and tuneable sensing behaviour[END_REF][START_REF] Bilotti | Fabrication and property prediction of conductive and strain sensing TPU/CNT nanocomposite fibres[END_REF] have used a thermoplastic polyurethane matrix filled with CNT up to 3 wt%. They have shown that the dynamic percolation was controlled by the resin's viscosity. An increase of temperature led to the decrease of the resin's viscosity, and therefore favoured the dynamic percolation. ZHANG et al. [START_REF] Zhang | Static and dynamic percolation of phenoxy/carbon nanotube nanocomposites[END_REF] have observed similar results

with CNT fillers in a phenoxy matrix with a weight percentage from 0.5 to 1.5 wt%. They observed that the change of the matrix to a more fluid state, and therefore a diminution of the viscosity, enhanced the dynamic percolation of CNT. A similar decrease of the resin's viscosity with temperature is visible in Figure 33 during the first 100 seconds. A higher decrease of 1 order of magnitude is noticeable at 110 °C compared to 40 °C. In the presence of CNT in the resin, a similar viscosity behaviour can be expected. In addition to temperature, the amount of fillers reduces the distance between all the nanoparticles and favours the formation of the conductive network [START_REF] Wu | Carbon Black as a Self-Diagnosing Probe To Trace Polymer Dynamics in Highly Filled Compositions[END_REF]. Moreover, for thermoplastic matrices, ALIG et al.

[329] have studied the possible recovery of a percolated network after a transient shear. They observed that after the destruction of the network, the dynamic percolation allowed to recover an equivalent final conductivity. The initial network state had therefore little influence on the final conductivity, contrarily to the thermal treatment. Consequently, the conductivity of a thermoplastic matrix filled with conductive fillers during a thermal treatment depends on the filler and the matrix nature, the amount of filler, the time and temperature of the thermal treatment. Hence, in absence of crosslinking, the dynamic percolation of CNT in a thermoset epoxy resin can be considered similar to the one in a thermoplastic matrix. To estimate the influence of crosslinking on the QRS electrical behaviour, the evolution of the sensor's resistance during isothermal treatment with crosslinking is shown in Figure 36. Chapter III: Self-sensing thermoset composite, understanding the electrical behaviour during the matrix crosslinking: a clue for process monitoring? ___________________________________________________________________________ 64/154

For all temperatures, the electrical resistance behaviour has a sigmoidal shape. A first stable part is visible for a short time, followed by a decrease. This drop happens earlier with an increase of the isothermal temperature (after 15, 70, 100, and 160 seconds for 120, 80, 60, and 40 °C respectively). Finally the resistance is reaching a plateau with little variation, except for 40 °C. For this temperature, the plateau is expected to last more than 3 hours isothermal curing. The decrease of the final resistance increases with higher isothermal temperatures (ratio R t=4000 /R t=0s of 8.4 10 -4 , 5.9 10 -3 , 2.0 10 -1 , and 3.3 10 -1 for 120, 80, 60, and 40 °C respectively). DAVIS et al. [START_REF] Davis | Cure temperature influences composite electrical properties by carbon nanotube-rich domain formation[END_REF] reported a similar disparity of the final resistance of a CNT-epoxy composite after 2 isothermal curing. They observed in average a 1 decade decrease from 25 to 80°C with DC measurements while no noticeable effect was visible on AC measurements.

The Table 2summarises the onset time of percolation and the sensor's resistance variation ratio after 4000 seconds for the different temperatures in the presence or not of crosslinking.

As illustrated in Figure 37.a for the temperature 80 °C, the onset time of the dynamic percolation and the final conductance are reduced in the presence of crosslinking. For the 4 temperatures the onset time decreases, with an average of 2.67 shown in Figure 37.b. With crosslinking 3.3 10 -1 2.0 10 -1 5.9 10 -3 8. 4 10 -4 Chapter III: Self-sensing thermoset composite, understanding the electrical behaviour during the matrix crosslinking: a clue for process monitoring? 
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Chapter III: Self-sensing thermoset composite, understanding the electrical behaviour during the matrix crosslinking: a clue for process monitoring?

___________________________________________________________________________ 66/154 Also shown in Figure 37.a, crosslinking results in a sharper resistance change, around 700 s for 80 °C, compared to simple thermally activated dynamic percolation. Without crosslinking, the decrease of the resistance's slope is more progressive. The increase of the crosslinking degree leads to an exponential rise of the resin's viscosity (Equation 1) [START_REF] Roller | Characterization of the time-temperature-viscosity behavior of curing B-staged epoxy resin[END_REF] as illustrated also in Figure 33 after 100 seconds. Therefore, the CNT's mobility and their agglomeration are reduced [START_REF] Bilotti | Controlling the dynamic percolation of carbon nanotube based conductive polymer composites by addition of secondary nanofillers: The effect on electrical conductivity and tuneable sensing behaviour[END_REF][START_REF] Bilotti | Fabrication and property prediction of conductive and strain sensing TPU/CNT nanocomposite fibres[END_REF]. A competition occurs between the viscosity's increase, which reduces the CNT's mobility, and the volume exclusion of CNT, which favours their agglomeration. As it can be seen in Figure 36, after a stop time of t s = 300, 1000, and 2000 s for 120, 80 and 60 °C respectively, the resistance's variation can be considered negligible, whereas for 40 °C no stable state is reached suggesting that crosslinking and dynamic percolation are still proceeding. This indicates the time when the viscosity is too high to allow the CNT's movement in the matrix. Therefore, increasing the temperature reduces the percolation's time of CNT with crosslinking in accordance with the viscosity behaviour.

Moreover, at the time t s , the crosslinking degree is 77 %, 58 %, and 49 % for 120, 80 and 60

°C respectively. The increase of the temperature allows the resin to be in a more rubber state until a higher crosslinking degree, and therefore the dynamic percolation happens on a higher range of crosslinking degree. In absence of crosslinking, the resistance's decrease is less substantial. In the two cases, the resistances are equal after a time of 3060, 1630 and 420 seconds for 120, 80 and 60 °C respectively. This increase of the convergence time suggests that, regarding time, volume exclusion is more effective at high temperature. After 4000 seconds, the resistance is 10 times lower in average without crosslinking as shown in Figure 37.c. It depicts the fact that without crosslinking, the dynamic percolation is not affected by a viscosity increase.

The Addition of a crosslinking behaviour to the matrix filled with CNT, during isothermal curing, leads to a first dynamic percolation's enhancement with the volume exclusion, followed by a sharp decrease due to the viscosity increase. In order to correlate the change of resistance with the crosslinking degree, the assumption that CNT do not affect much the crosslinking degree has to be made in first approximation [START_REF] Choi | Curing behavior and properties of epoxy nanocomposites with amine functionalized multiwall carbon nanotubes[END_REF][START_REF] Xie | Cure kinetics of carbon nanotube/tetrafunctional epoxy nanocomposites by isothermal differential scanning calorimetry[END_REF]. Based on the evolution of crosslinking versus time for neat epoxy shown in Figure 33 and on the evolution of the resistance with crosslinking versus time illustrated in Figure 36, the evolution of resistance during the crosslinking has been represented in Figure 39.
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Chapter III: Self-sensing thermoset composite, understanding the electrical behaviour during the matrix crosslinking: a clue for process monitoring? ___________________________________________________________________________ 67/154 For all temperatures, the resistance behaviour exhibits a sigmoidal shape. A first constant part is visible, followed by a decrease. The drop happens at a lower crosslinking degree with a decrease of the isothermal temperature (after 15%, 10%, nearly 0%, and 0 % for 120, 80, 60, and 40 °C respectively). Finally the resistance is reaching a plateau with little variation, except for 40 °C. It is coherent with Figure 36 where the resistance wasn't stable after 3 hours. The range of decrease is larger with an increase of the resistance. It is about 20, 20, 40, and 80 % for 40, 60, 80 and 120 °C respectively. At low temperatures, even though the CNT mobility is reduced, the crosslinking advancement lasts longer than for high temperature as

shown in Figure 33. This gives more time to CNT to agglomerate than at higher temperatures but they have also less energy to do so. Nevertheless, if the viscosity is too high, whatever the reason, the resistance keeps constant with the crosslinking advancement, which occurs over a critical crosslinking degree and/or under a critical temperature. At higher temperatures, the CNT mobility can still occur until a higher crosslinking degree, which leads to a final lower resistance. It results that the sensor's electrical behaviour during the epoxy isothermal crosslinking, is affected by the chemical reaction and the resin's viscosity, both depending on temperature. At low crosslinking degree, the change of resistance can be considered mainly due to the crosslinking behaviour. At high crosslinking degree, the temperature can be considered as the main factor of the resistance decrease. For each temperature, the sensor's electrical behaviour is unique and can be linked to the crosslinking degree. A fitting has therefore been made on Figure 39 with a Boltzmann model shown in Equation 9with the fitting parameters shown in Table 3. The fitting are in accordance with the experimental results thanks to the R² included in 0.98 and 0.99. 

III.4 A practical application: case of a composite part curing

The use of CNT for an in situ process monitoring has been investigated in the case of an epoxy infusion process by GNIDAKOUONG et al. Chapter III: Self-sensing thermoset composite, understanding the electrical behaviour during the matrix crosslinking: a clue for process monitoring? ___________________________________________________________________________ 69/154 The successive temperature ramps and isothermal steps are synchronised with the drops and plateaus of resistance. Each increase of temperature momentarily increases the mobility of the free chains of resin and the volume exclusion, thus favouring CNT dynamic percolation. Once an isothermal step is reached, the sensor's electrical behaviour reaches equilibrium similar to that described in Figure 36 when approaching the final plateau. The final increase in viscosity during an isothermal stage results in a reduction of resistance decrease. DE LA VEGA et al. [START_REF] Vega | Combined Raman and dielectric spectroscopy on the curing behaviour and stress build up of carbon nanotube-epoxy composites[END_REF] have observed a similar electrical behaviour during a multiple steps curing process with an epoxy resin filled with 0.2 wt% SWCNT. They have estimated that each temperature increase favours the CNT network formation. Once the temperature is cooling down, a slight increase of resistance is noticed that matches with the NTC observed by SHEN et al. [START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF] for epoxy-CNT composites. On the other hand, the crosslinking degree advancement presents a continuous increase during the curing.

To estimate the influence of both the temperature ramps and the crosslinking degree on the QRS electrical behaviour during the curing cycle, based on Figure 40 Figure 41.a shows that during this complex curing cycle, the resistance exhibits a decrease in the isothermal steps, while two parts can be seen in the increasing ramps. First, the resistance slightly decreases with the temperature. The high viscosity avoids the dynamic percolation of the CNT network. Then after a 10 °C increase the resistance is continuously decreasing with temperature enabling the dynamic percolation to occur regularly. It can be noticed that a nearly exponential decrease of resistance with the crosslinking degree is observed until the end of the 80 °C isotherm, that can associated to both the crosslinking reaction and the dynamic percolation. From the 80 °C to 120 °C ramp until the end of the curing, little increase in the crosslinking degree occurs while the resistance drops by nearly one decade. Few crosslinking can happen, and the final T g is measured at 89.7 °C, however this drop in resistance could be attributed to a higher level of structuring of CNT in a rubber state and to the higher mobility of carriers activated by temperature. Thus, it can be assumed that until the end of the 80°C isotherm, the crosslinking degree can be directly estimated by the resistance change via an exponential correlation. Besides, the sensor's electrical behaviour and the final resistance are controlled by the curing cycle.

Until now, all the presented sensors were made of 2wt% of CNT in the epoxy resin. To observe the effect of the CNT content in the sensor on the sensor's resistance during the curing, CNT contents ranging from 1 to 4 wt% have been submitted to the same curing cycle, as shown in Figure 42.a. From 1 to 3 wt% of CNT in EP, the initial resistance R i is well decreasing with the CNT content as expected for the static percolation. Surprisingly, the sensor made from the formulation containing 4 wt% of CNT exhibits an initial resistance nearly equivalent to that of the 2 wt% CNT based sensor. This apparently incoherent thermo-resistive behaviour, that may be due to a more heterogeneous dispersion of the CNT in the resin, or to the strong increase in viscosity likely at such high CNT loading, becomes more coherent at the end of the curing treatment as the final resistances are this time logically ranked with respect to CNT content. Nevertheless, during the curing cycle, all sensors exhibit a similar electrical behaviour as previously presented. The EP-1 wt% CNT sensor has some disturbances in its first isothermal stage caused by the nearly percolated network. Once the percolation has occurred at the end of the first ramp, no more disturbances in the resistance is noticed. Unlike R i , the final resistance R 0 decreases with the CNT content from 1 to 4 wt%. Therefore, the curing cycles appears to favour the CNT network formation and partially eliminates the viscosity increase due to CNT. From the resistance evolution during the curing cycle, the R i , R 0 and the R i /R 0 ratio have been plotted as a function of the CNT content in Figure 42.b to observe the effect of the curing cycle on the static percolation.

As it has been previously reported for static percolation in cured epoxy CNT composites [START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF][START_REF] Gojny | Evaluation and identification of electrical and thermal conduction mechanisms in carbon nanotube/epoxy composites[END_REF][START_REF] Hu | Investigation on sensitivity of a polymer/carbon nanotube composite strain sensor[END_REF][START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF], the resistance decreases with the CNT content. A similar behaviour is displayed for the uncured sensor, excepted for the 4 wt% samples where a poorer dispersion has been assumed caused by the resin's viscosity increase. The amplitude of the resistance drop with the curing time is also decreased with the increase of CNT content, excepted for 4 Chapter III: Self-sensing thermoset composite, understanding the electrical behaviour during the matrix crosslinking: a clue for process monitoring? ___________________________________________________________________________ 72/154 wt%. SHEN et al. [START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF] had reported that the nature of the CNT (number of walls, functionalization and aspect ratio) and the type of epoxy could also affect the percolation threshold and the composites resistance after curing. It can be added that the curing cycle plays also a role in the final resistance. However, increasing the network's initial conductivity by increasing the CNT loading was found to diminish the influence of the curing cycle. Based on a specific curing cycle with a specific sensor, the final resistance can therefore be estimated and controlled. In order to investigate the QRS capability to detect unexpected events during the curing cycles, sensors were quenched at 25 °C at each step of the curing cycle, as shown in Figure 43. Once the quench happens, the resistance displayed a slight increase before remaining constant. This increase corresponds to the NTC effect of the CNT-epoxy composite. The decrease of temperature inhibits the crosslinking reaction, as well as the dynamic percolation, which results in constant resistance. For each sensor, the electrical behaviour evidences the time when the quench happened. Therefore, in order to use the sensor as a probe of the curing process, the sensor's electrical behaviour can be used to detect unexpected curing interruptions. This lack of crosslinking degree has an impact on the matrix mechanical properties. To evaluate the sensor's electrical performance with the matrix crosslinking degree, static tensile tests were conducted with various crosslinking degrees of the epoxy matrix, as illustrate in Figure 44. 

𝜀

Where ε is the strain, R 0 and R are the initial resistance and resistance at the strain ε respectively, and A R is the change of resistance.

In the elastic domain, the QRS GF is measured at 1.84 and 2.97 after 0.75 % of strain. The propagation of cracks in the CNT network at the failure caused the infinite resistance increase.

Therefore, as it has been shown previously [START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF][START_REF] Gojny | Evaluation and identification of electrical and thermal conduction mechanisms in carbon nanotube/epoxy composites[END_REF][START_REF] Pillin | Robustness of carbon nanotube-based sensor to probe composites' interfacial damage in situ[END_REF][START_REF] Thostenson | Real-time in situ sensing of damage evolution in advanced fiber composites using carbon nanotube networks[END_REF][START_REF] Gao | A comparative study of damage sensing in fiber composites using uniformly and non-uniformly dispersed carbon nanotubes[END_REF] QRS are able to monitor both strain and damage of a composite structure. In Figure 44.b, similar tests were conducted of epoxy sample at various degree of crosslinking with a QRS. The evolution of both the matrix YOUNG Modulus and the sensor's GF are clearly increasing with the crosslinking degree.

Below 80 % of crosslinking, a negative GF occurs, thus the resistance is decreasing with strain which corresponds more to the behaviour of an elastomer. Thus, the CNT network becomes denser with the deformation, which results in a higher POISSON coefficient at low
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III.5 Conclusion

Reviewing the current curing monitoring technics of epoxy based structures, one can notice that it is currently limited to the measurement of time and temperature. Furthermore, most common curing monitoring technics are destructive, or cannot provide in situ information without incorporating inhomogeneous sensors, which could create defects in the structure.

Yet, the measurement of the resin's local curing state should lead to the development of suitable curing cycles able to enhance the mechanical behaviour of the structure, and consequently its life time.

The addition of carbon nanotubes in an epoxy matrix allows to develop Quantum Resistive strain Sensor (QRS) for the measurement of strain and damage in a composite structure. This chapter has investigated the use of QRS to monitor composite structures' process. After the characterisation of the neat resin during isothermal curing was done, the QRS electrical behaviour during its isothermal curing with or without crosslinking has been analysed. In the absence of crosslinking, an electrical behaviour similar to that of thermoplastic resins has been evidenced. "Dynamic percolation" was found to promote the agglomeration of CNT to form the conductive network and decrease the percolation threshold. In presence of crosslinking, QRS exhibited a decrease of resistance with the curing. An acceleration of the initial drop occurred due to the combined effects of volume exclusion resulting from the crosslinking reaction and increase mobility due to temperature. The matrix viscosity increase during the curing led to a faster diminution resistance. Finally, based on the QRS electrical behaviour and the neat resin crosslinking degree characterisation during isothermal curing, a model relating the change of resistance and the curing degree has been proposed.

The use of QRS as a probe in a complex curing cycle has been investigated. The following of electrical resistance was found effective to monitor the different curing steps. In the specific cycle used, the resistance followed an exponential decrease with the crosslinking until 80 °C.

The detection of sharp stops in the curing has also been possible. The QRS sensitivity to strain after curing was depending on the crosslinking degree. Therefore QRS can be used as a probe to estimate the crosslinking degree in the core of epoxy based composite, can also help to monitor the smooth running of the curing process, and later serve as a SHM system during the Chapter III: Self-sensing thermoset composite, understanding the electrical behaviour during the matrix crosslinking: a clue for process monitoring? ___________________________________________________________________________ 75/154 composite's life. Therefore QRS could monitor the entire composite's life, from the manufacturing to final damage.

In the next chapters, the use of QRS will be restricted to the monitoring of mechanical solicitations. Thus, chapter IV will focus on the evolution of the QRS piezo-resistive behaviour, with the variation of external parameters such as the strain rate, the structure

IV.1 Introduction

For the past decade, the regular interest in the electrical behaviour of QRS has been focused on the resistance variation due to mechanical deformation [START_REF] Robert | Développement de senseurs par l'intégration de nanoComposites Polymères Conducteurs (CPC) pour le suivi de déformation et d'endommagement des structures composites[END_REF][START_REF] Nag-Chowdhury | Conductive Polymer nanoComposite Quantum Resistive strain Sensors for structural composites' damage monitoring[END_REF]. In chapter III, it has additionally been observed that the electrical properties of QRS are also affected by the curing process of the matrix. This supplementary sensitivity of QRS can lead to an expansion of their use to process monitoring. QRS could witness the smooth running of the curing, detect abnormal events, provide an estimation of the curing advancement, and predict the QRS electrical characteristics for the in-service use of the structure. In the life cycle of a structure, it allows expending the original field of use of those sensors, which was initially Structural Health Monitoring, to the manufacture process monitoring.

Regarding SHM, as it has been seen in chapter II, the various studies of the electrical behaviour of CNT reinforced epoxy resin have clearly evidenced the electrical sensitivity toward the CNT network modification, caused either by an elastic deformation or the initiation or propagation of damage in the material. Among those investigations, the prior studies [START_REF] Robert | Développement de senseurs par l'intégration de nanoComposites Polymères Conducteurs (CPC) pour le suivi de déformation et d'endommagement des structures composites[END_REF][START_REF] Nag-Chowdhury | Conductive Polymer nanoComposite Quantum Resistive strain Sensors for structural composites' damage monitoring[END_REF] made in the Smart Plastic Group have been first focused on the understanding of the piezo-resistive behaviour of the sensors, the identification of key parameters to control their processing, like the CNT content, the curing degree, and their mechanical characteristics requirements. It has been evidenced that the resistance of the sensor was sensitive to the samples' strain from the elastic deformation to the final failure. This was well characterised in case of strain sensing experiments of incremental loading cycling, fatigue above the elastic limit, impact testing, or in presence of stress concentration area generated by the presence of a hole or a notch. The damages accumulation in the sample was also showed to be possible to monitor by following the induced modifications of the QRS electrical response. To extend the understanding of the electrical response of QRS toward mechanical deformation, which has therefore been made previously at the Smart Plastic Group and in the literature, this chapter examines the effect of various parameters, external to the sensor, on the electrical characteristics and behaviour of the QRS. As illustrated in Figure 45, the external parameters include the composite sample properties such as the POISSON ratio and the fibres orientation, the mechanical solicitation with the applied strain rate, and the acquisition device parameters such as the input tension on the sensor and the frequency of acquisition, and to environmental parameters such as temperature and humidity.
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IV.1 Effect of the POISSON ratio and the fibres orientation of the composite sample on the electrical behaviour of QRS

In composite materials, the stacking sequence plays a substantial role in the determination of the mechanical properties [START_REF] Pagano | The Influence of Stacking Sequence on Laminate Strength[END_REF]. In composite structures like wind turbines, the concentration of stress and the resulting damage are not homogeneously distributed [START_REF] Chen | Revisiting the structural collapse of a 52.3 m composite wind turbine blade in a full-scale bending test[END_REF]. To avoid the creation of damage in specific zones, the stacking sequence can be adjusted to target specific properties. This change in the stacking sequence can affect the other properties of the structure, like the POISSON ratio. To study the effect of the POISSON ratio on the electrical behaviour of QRS, sensors were deposited on the surface of CF-EP samples with 68 wt% of fibres with three different stacking sequences: 0°, 90° and ± 45°. According to the standards ISO527 and ISO14129, tensile tests were performed to determine the mechanical properties and the electrical behaviour of the QRS, as shown in Figure 46 and summarised in Table 4. In the case of reinforcement fibres with an orientation of 0° or 90°, the stress increases proportionally with strain until the final brutal failure, which corresponds to a fragile behaviour. This behaviour and the resulting properties of composite samples are respectively determined by the matrix and the fibres for the 90° and the 0° orientations. For the ± 45° orientation, the stress first increases proportionally with the axial strain until 0.5 %, before For the 0° samples, as shown in Figure 46.a, the QRS electrical behaviour is in good agreement with previous observations [START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF][START_REF] Thostenson | Real-time in situ sensing of damage evolution in advanced fiber composites using carbon nanotube networks[END_REF][START_REF] Hu | Investigation on sensitivity of a polymer/carbon nanotube composite strain sensor[END_REF][START_REF] Dai | Processing and Characterization of a Novel Distributed Strain Sensor Using Carbon Nanotube-Based Nonwoven Composites[END_REF][START_REF] Zhang | Functional interphases with multi-walled carbon nanotubes in glass fibre/epoxy composites[END_REF], where a first linear growth of resistance occurs in the elastic domain (ε < 0.4 %) with a GF of 1.4 for an initial resistance of R° = 8.0 kΩ, followed by an increase of the slope due to the appearance of cracks in the matrix with a GF of 2.1. Finally, the ultimate breakage and the propagation of the cracks through the sensor disconnect the CNT network and the resistance reaches an infinite value.

For the 90° samples, as illustrated in Figure 46.b, after a change of slope of the resistance of the QRS at 0.3 % with an initial GF of 2.1 and resistance of 65.5 kΩ, a linear increase of the resistance is obtained until breakage, with a GF of 2.4. Therefore, both QRS on 0° and 90° samples exhibit a similar electrical behaviour. In the case of the ± 45° samples, The QRS exhibits a peculiar semi-parabolic trace, nearly linear during a first increase in resistance up to 1.4 % of deformation with an initial GF of 1.2 and a resistance of 66.9 kΩ, then followed by a maximum and finally an almost linear decrease of resistance from 1.8 % until the end of the tensile measurement at 2.8 % axial strain with a negative GF of -1.8 takes place. A similar behaviour has been previously observed with carbon nanoparticles filled elastomers [START_REF] Flandin | Effect of strain on the properties of an ethylene-octene elastomer with conductive carbon fillers[END_REF][START_REF] Huang | Carbon Black Filled Metallocene Ethylene-Octene Copolymers[END_REF][START_REF] Paliy | Nonmonotonic piezoresistive effect in elastomeric composite films[END_REF] with a Poisson ratio over 0.5. WICHMANN et al. [START_REF] Wichmann | Piezoresistive response of epoxy composites with carbon nanoparticles under tensile load[END_REF] have studied the electrical response of an epoxy resin filled with 0.1 and 0.3 wt% of MWCNT under tensile load. They reported a similar behaviour for both CNT contents with a nearly exponential increase of resistance until the end of the elastic regime between 1.5 % and 2 % of strain with a GF from 2.3 to 4.3, followed by a decrease of the slope of resistance until an inflexion point is reached around 4 %, and finally the resistance decreases with strain until the breakage around 6 %.

The authors linked the decrease of resistance to viscoelastic and plastic deformations with the increase of CNT contacts due to the lateral deformation. In the case of the ± 45° samples with QRS on the surface, the realignment of the reinforcement fibres favours the transversal strain, and consequently a high POISSON ratio. To control the level of the lateral deformation, LI et al. [START_REF] Li | Poisson Ratio and Piezoresistive Sensing: A New Route to High-Performance 3D Flexible and Stretchable Sensors of Multimodal Sensing Capability[END_REF] have dispersed 1 wt% CNT in an auxetic foam based on poly(urethane) with a tunable Poisson ratio. At a tensile strain of 10 %, they reported a decrease of the axial and transverse change of resistance, from 30 and 12 % to 13 and -2 % respectively, with the increase of the Poisson ratio, from -0.5 to 0.4. Therefore, the authors explained the amazing electrical characteristics of their sensors by the variation of the samples' Poisson ratio. In order to estimate the effect of the Poisson ratio, GONG et al. [START_REF] Gong | Carbon nanotube agglomeration effect on piezoresistivity of polymer nanocomposites[END_REF] have modelled the piezoresistive behaviour of a 5 wt% CNT filled polymer with a Poisson ratio ranging from 0.1 to 0.5. Both in compression or tensile strain, with the increase of the Poisson ratio the authors found a decreasing GF, from 8 to 2 at 0.1 and 0.5 respectively, which confirms the impact of In addition to tensile tests, CF-EP samples instrumented with QRS on their surface were submitted to cycles of increasing amplitude in three points bending tests, in order to investigate the effect of fibres orientation on QRS piezo-resistive behaviour, as shown in Figure 47.a&b. For the 0° samples (Figure 47.a), the first ten cycles exhibit a similar linear mechanical behaviour with a Young Modulus of 102.0 ± 0.9 GPa, while the maximum strain is below the fracture value (Table 5). Before the eleventh cycle, a first fracture of the fibres has occurred, resulting in a lower YOUNG's Modulus (94.2 GPa) before the final fracture. For all cycles, the QRS exhibits an exponential response with a shift of the resistance along with the increasing number of cycles. CHIACCHIARELLI et al. [START_REF] Chiacchiarelli | The role of irreversible and reversible phenomena in the piezoresistive behavior of graphene epoxy nanocomposites applied to structural health monitoring[END_REF] had evidenced a similar behaviour of 2 wt % graphene-epoxy sensors deposited on the surface of a (0/90) CFEP during bending experiments. The authors linked the shift in resistance to the increase of matrix cracks in the sample with the bending cycles. They concluded that the electrical behaviour of the sensor is due to the deformation history of the material. This effect of this history is noticeable in the parameters of the exponential fitting, as shown in Figure 47.c.

With the increase of the amount of micro cracks in the matrix, both parameters linearly increase with the previous final strain. Therefore, in addition to the drift in initial resistance with the increasing number of cycles [START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF], the electrical behaviour of the sensor can also provide some information on the mechanical history of the material. 

Stress (MPa)

Strain (%) In the case of samples with fibres orientated of ± 45°, except for the first cycle, all cycles exhibit an initial inflexion of stress that tends to plateau with strain. It is caused by the residual alignment of the fibres in the tensile part of the sample during the bending, which increases with the cycles. Once the sample has reached the final strain of the previous cycle, the mechanical behaviour is similar to the tensile tests (Figure 46.c) and is in accordance with the standard mechanical properties (Table 5). The electrical behaviour of the QRS displays a similar initial plateau, with strain followed by exponential increases analogous to the 0° case.

The Figure 47.d shows well that the evolution of the initial plateau of resistance with the final strain of the previous cycle is exponential. The QRS is then directly affected by the material's strain history. Thus based on the analysis of the electrical behaviour of the QRS it could be possible to estimate the maximum strain undergone in its surrounding. Finally, the electrical behaviour of QRS has been found to be sensitive to several of the composites' mechanical characteristics, such as the Poisson ratio, but also to the history of deformation of the sample.

IV.2 Effect of the applied strain rate during mechanical deformation on the electrical behaviour of QRS

While an extensive research has been made to understand the electrical behaviour of CNTepoxy sensors, the mechanical parameters have drawn little attention. In most cases, the displacement rate is imposed in tension mode but it provides little information on the strain rate depending on the length of the sample. Displacement rates ranging from 0.2 mm.min -1 [START_REF] Zhang | Functional interphases with multi-walled carbon nanotubes in glass fibre/epoxy composites[END_REF][START_REF] Gao | Glass Fibers with Carbon Nanotube Networks as Multifunctional Sensors[END_REF][START_REF] Zhang | Single MWNT-Glass Fiber as Strain Sensor and Switch[END_REF] to 5 mm.min -1 [START_REF] Siddiqui | Tensile strength of glass fibres with carbon nanotube -epoxy nanocomposite coating : Effects of CNT morphology and dispersion state[END_REF][START_REF] Hao | Comparative study on monitoring structural damage in fiber-reinforced polymers using glass fibers with carbon nanotubes and graphene coating[END_REF] with intermediate values of 0.5 mm.min -1 [START_REF] Hao | Comparative study on monitoring structural damage in fiber-reinforced polymers using glass fibers with carbon nanotubes and graphene coating[END_REF], 1 mm.min -1 [START_REF] Wichmann | Piezoresistive response of epoxy composites with carbon nanoparticles under tensile load[END_REF][START_REF] Mecklenburg | On the manufacturing and electrical and mechanical properties of ultra-high wt.% fraction aligned MWCNT and randomly oriented CNT epoxy composites[END_REF][START_REF] Meeuw | Morphological influence of carbon nanofillers on the piezoresistive response of carbon nanoparticle/epoxy composites under mechanical load[END_REF][START_REF] Luo | SWCNT-thin-film-enabled fiber sensors for lifelong structural health monitoring of polymeric composites -From manufacturing to utilization to failure[END_REF], 1.3 mm.min -1 [START_REF] Gao | Coupled carbon nanotube network and acoustic emission monitoring for sensing of damage development in composites[END_REF][START_REF] Thostenson | Carbon nanotube-based health monitoring of mechanically fastened composite joints[END_REF][START_REF] Dai | Processing and Characterization of a Novel Distributed Strain Sensor Using Carbon Nanotube-Based Nonwoven Composites[END_REF]] and 2 mm.min -1 [START_REF] Liu | Enhanced delamination initiation stress and monitoring sensitivity of quasi-isotropic laminates under in-plane tension by interleaving with CNT buckypaper[END_REF][START_REF] Bekas | Damage monitoring in nanoenhanced composites using impedance spectroscopy[END_REF] have been used. In load-driven experiments [START_REF] Sebastian | Health monitoring of structural composites with embedded carbon nanotube coated glass fiber sensors[END_REF], the estimation of the strain rate is more unpredictable.

In order to study the effect of the strain rate on the electrical behaviour of CNT-epoxy sensors, CF-EP samples with QRS positioned in the centre of their lower surface were submitted to three points bending triangle cycles with strain rates ranging from 𝜀̇=10 -3 to 1 %.s -1 and maximum strains comprised between 𝜀 = 0.01 and 0.11 %, as shown in Figure 48.
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Figure 48 : Evolution of the strain (%), stress (MPa) and Ar (%) with various strain rate of a CF-EP sample instrumented with a QRS on their lower surface during a triangle cycling three points bending test. The time scale has been modified after the 10 -2 part to exhibit all the curves.

The maximal strain has been chosen, below the elastic limit, to avoid the ignition and propagation of cracks in the sample. In this way, the evolution of the piezo-resistive response of sensors is mostly affected by the change of strain rate. For all strain rates applied, both the mechanical response of the sample and the electrical response of the QRS are following the strain. At 𝜀̇=1 %.s -1 no delay between the sensor's response and the strain has been measured at the 200 Hz frequency. It implies that the maximum response time of the sensor is below 5 ms. While this value is much below that previously reported for CNT based sensor, i.e., 3 s [START_REF] Michelis | Highly reproducible, hysteresis-free, flexible strain sensors by inkjet printing of carbon nanotubes[END_REF], it is far beyond the value of 0.1 µs claimed for metallic strain gages [START_REF] Bickle | The response of strain gages to longitudinally sweeping strain pulses[END_REF]. With this ability to measure strain at least until 1 %.s -1 , QRS can therefore be at least used from static to intermediate strain rate measurements [START_REF] Sierakowski | Strain Rate Effects in Composites[END_REF]. To further estimate the evolution of the sensor's electrical behaviour, the variation of the resistance with strain is presented in Figure 49.a for the different deformation rates. The sensor has been submitted to four triangular cycles of strain, each of them at a specific strain rate. The fact that the piezo-resistive response follows linearly the strain at all strain rates without hysteresis, confirms that the QRS respond instantaneously to the applied deformation. In this four decades strain rate range, the QRS behaviour is not affected by the strain rate. Alternatively, ZHANG et al. [START_REF] Zhang | Influence of strain rate on the piezoresistive behavior of conductive polyamide Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel[END_REF] observed that in compression mode the effect of the strain rate on the electrical behaviour of composites made of poly(imide) filled with 1 to 3 wt % CNT. The authors found that at equivalent strain, the increase of strain rate was leading the a higher resistance, up to 250 % per decade In order to estimate the evolution of the electrical response Ar with strain and stress, the variation of GF of the sensor and the variation of YOUNG's Modulus of the sample has been drawn in Figure 49.b. At a strain rate of 𝜀̇=10 -3 %.s -1 , the sample Young Modulus, the QRS resistance and GF are 104.7± 0.1 GPa, 102 kΩ and 3.12 ± 0.02 respectively. In the four decades range of strain rates selected, the modulus almost constant with a maximal variation below 0.2 % of the initial value. This result is consistent with those of SIERAKOWSKI [START_REF] Sierakowski | Strain Rate Effects in Composites[END_REF] who reported that the mechanical properties of composites start changing with strain rates larger than 𝜀̇=1000 %.s - 1 . It could be caused by a modification of the failure mode, and by the sensibility to the strain rate of the interaction between the fibres and the matrix or more likely to the visco-elastic behaviour of the polymer matrix. JACOB et al. [START_REF] Jacob | Strain rate effects on the mechanical properties of polymer composite materials[END_REF] have concluded that no general assessment on the effect of the strain rate on polymer composites' mechanical properties could be made. In a study on unidirectional carbon/epoxy composite samples, HSIAO and DANIEL [START_REF] Hsiao | Strain rate behavior of composite materials[END_REF] have observed an increase of the ultimate strain and stress respectively by 79 % and 74 % with the strain rate, between quasi-static and 11000 %.s -1 . Therefore, for a four decades range below 1000 %.s -1 , it can be considered that the mechanical properties are not affected by the strain rate. On the contrary, the GF displays a continuous increase with the strain rate. At 1 %.s -1 , the GF increase reaches 8 % of the initial value of 3.7 at 10 -3 %.s -1 . This improvement in sensitivity may be attributed to the toughening of the epoxy resin of the QRS with the increase of the strain rate classically observed with visco-elastic materials [START_REF] Gilat | Strain Rate Sensitivity of Epoxy Resin in Tensile and Shear Loading[END_REF].

Therefore, it can be concluded that similarly to its surrounding material, the QRS is sensitive to the characteristics of the mechanical deformation, but little to variations of the strain rate for deformation rates classically used in the literature, i.e., below 𝜀̇=1000 %.s -1 . 
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IV.4 Effect of environmental parameters on the electrical behaviour of QRS

Composites structures like wind turbines are exposed during their lifetime to numerous weathering conditions. In particular, wind turbines are expected to be subjected to temperatures ranging from -40 to 80°C and humidity between 0 and 100 % RH. Therefore, the sensors dedicated to the SHM of wind turbines have also to be functional in the same conditions undergone by the structure. As it is known for metallic strain gauges, the performances of the sensor are also depending on temperature and humidity [START_REF] Gauges | HBM Technical sheet[END_REF].

Consequently, this section investigates the electrical behaviour of QRS deposited on the surface of GF-EP samples under humidity and temperature sweeps. The effect of a humidity sweep on the variation of quiescent QRS resistance is shown in Figure 51.a. 

Ar (%)

Strain (%)

Strain rate: 10 -1 %.s When the relative humidity (RH) increases, a first instantaneous increase of the resistance occurs followed by a slow increase of resistance with time. Between 15 and 90 % RH at 23 °C, a global increase of nearly 8 % of resistance occurs. SHEN et al. [START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF] have observed a linear increase of resistance with the weight gain of water for a CNT-epoxy resin. The authors attributed this increase to the linear expansion of the resin with the absorption of water. They also considered that the water absorption phenomenon was reversible so that the loss of water would lead to an opposite trend of change of resistance. TRIGWELL et al. [START_REF] Trigwell | Multifunctional Carbon Nanotube Coatings Used as Strain Sensors for Composite Tanks[END_REF] have studied the resistance variation of a pristine CNT film over two hours at various humidity level. The authors highlighted an instantaneous stabilised response of the CNT film with the humidity as opposed to the Figure 51.a where the resistance still increases after the humidity level is reached. Therefore, in a CNT-epoxy nano composite, in addition to the expansion of the resin, the absorption of water molecules on the surface of CNT is also increasing the resistance [START_REF] Varghese | Gas sensing characteristics of multiwall carbon nanotubes[END_REF]. The diffusion of water inside the resin, leading to the swelling of the matrix, is also affecting the instantaneous response of the CNT network. In order to estimate the effect of the humidity, the variation of resistance with humidity is displayed in in the presence of water by the Langmuir-Henri-Clustering model LHC model [START_REF] Feller | Novel architecture of carbon nanotube decorated poly(methyl methacrylate) microbead vapour sensors assembled by spray layer by layer[END_REF][START_REF] Lu | Vapour sensing with conductive polymer nanocomposites (CPC): Polycarbonate-carbon nanotubes transducers with hierarchical structure processed by spray layer by layer[END_REF][START_REF] Kumar | Conductive bio-Polymer nano-Composites (CPC): chitosan-carbon nanotube transducers assembled via spray layer-by-layer for volatile organic compound sensing[END_REF][START_REF] Bouvree | Conductive Polymer nano-bioComposites (CPC): Chitosan-carbon nanoparticle a good candidate to design polar vapour sensors[END_REF][START_REF] Chatterjee | An e-nose made of carbon nanotube based quantum resistive sensors for the detection of eighteen polar/nonpolar VOC biomarkers of lung cancer[END_REF].

The second environmental parameter studied is the effect of temperature on the electrical behaviour of QRS. Figure 52.a displays the evolution of the resistance during an incremental isothermal temperature program at 25, 45, 65 and 85 °C, i.e., under the T g of the resin (80-100 °C). Below 50 °C, the electrical resistance of the sensor decreases with increasing temperature from 0 % to -0.75 % at 25 to 50 °C respectively. As suggested by SHEN et al. [START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF] there are three possible causes of variation of the electrical resistance of an epoxy-CNT nano composite with temperature: Firstly, the increase in the increase in Brownian movement is causing the thermal expansion of the epoxy matrix, which is usually in the range of 10-100 ppm.°C -1 below the epoxy's T g that would disconnect the CNT network and increase the resistivity;

secondly, the increase tunnelling conduction induced by the thermal fluctuation; and thirdly the change in CNT conductivity in relation with the carriers' mobility, which is quite low compared to the two other phenomena and that can thus be neglected. Therefore, a competition occurs between the expansion of the matrix and the change of tunnelling conduction: on the one hand, an expansion of the matrix increases the gap between CNT, which leads to an increase of the CPC resistance, and on the other hand, an increase of the temperature favours the interactions between CNT and thus the electrons hopping between carbon nano fillers, leading to a decrease of the CPC resistance. GONG et al. [START_REF] Gong | Effect of temperature on the electrical property of epoxy composites with carbon nanotube[END_REF] studied the effect of the CNT loading in the epoxy matrix on the electrical behaviour of the CNT-epoxy composite for loadings ranging from 0.12 wt% until 5 wt%. The authors observed that below 3 wt% of CNT loadings the resistance was decreasing with temperature (NTC effect), while high loadings displayed the opposite behaviour (PTC effect). A stable resistance behaviour with the temperature was obtained for an intermediate loading of 3 wt%. The researchers explained the phenomenon by the increase in competition between the tunnelling conduction and thermal expansion of the resin leading to a change in proportion between ohmic (junctions in close contact) and tunnel (junctions with gaps) conductions, that also depends on the number of total junctions. While for all loadings, the thermal expansion of the matrix could be considered as constant, the tunnelling mechanism, which is exponentially depending on thermal expansion [START_REF] Feller | Conductive Polymer Composites (CPC): Comparison of electrical properties of black with poly(butylene terephthalate) / poly(ethylene-co-ethyl acrylate)-carbon black[END_REF], was highly affected by the loading. At low loadings, the high In the following paragraph only epoxy filled with 2 wt% of CNT (EP-2CNT) has been considered to study the impact of temperature on the CPC resistive behaviour. Below 50 °C, as already observed (Figure 52.b) [START_REF] Gao | Glass Fibers with Carbon Nanotube Networks as Multifunctional Sensors[END_REF][START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF][START_REF] Hao | Comparative study on monitoring structural damage in fiber-reinforced polymers using glass fibers with carbon nanotubes and graphene coating[END_REF][START_REF] Simsek | Temperature dependence of electrical conductivity in double-wall and multi-wall carbon nanotube/polyester nanocomposites[END_REF], the decreases of resistance with the temperature leads to a negative temperature coefficient effect (NTC) that suggests the prevailing of CNT network tunnelling conduction variation is on the matrix expansion.Between 50 °C and 65 °C, the decrease rate of resistance is reduced from 0.75 % at 50 °C to -1 % at 70 °C, as shown in Figure 52.c&d. GAO et al. [START_REF] Gao | Glass Fibers with Carbon Nanotube Networks as Multifunctional Sensors[END_REF] observed a similar electrical behaviour for fuzzy fibres when temperature was getting close to the T g of the matrix. The authors estimated that the expansion caused by the crossing of T g could possibly increase the CNT junctions' gap [START_REF] Pillin | Extruded co-continuous polyester-polyalkene-carbon black composites: Influence of polyester glass transition on electrical properties[END_REF], inducing a resistance change, making possible the matrix T g detection. In addition, the thermal expansion of the matrix is also affected by the temperature when it comes close to the T g , as shown in Figure 52.f. Between 20°C and 50°C, the coefficient of thermal expansion (CTE) is about 62 ppm.°C -1 and increases at 75 ppm.°C -1 between 50 and 70 °C (Figure 52.f), which favours the spacing between conducting nano fillers. Therefore, a more balanced competition between the decrease of the tunnelling resistance and the distance between particles can occur, explaining the decrease of resistance with the temperature.

Above 70 °C, a clear decrease of the resistance is visible from -1 % at 70 °C to -2.4 % at 85 °C (Figure 52.c&d). This drop of resistance occurs despite the increase of the CTE to 91 ppm.°C -1 in this range (Figure 52.f), and the resulting spacing of CNT. SHEN et al. [START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF] estimated that even if CNT are drawn away, the expansion of the resin may allow some parts of CNT to move more freely, which will favour the formation of the CNT network.

Furthermore, getting closer to the T g of the resin (80-100 °C in this study) allows the CNT to move more freely, which can favour CNT network formation. Figure 52.b summarises the results of previous studies and this one on the influence of temperature on the resistance change of CNT-epoxy systems [START_REF] Gao | Glass Fibers with Carbon Nanotube Networks as Multifunctional Sensors[END_REF][START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF][START_REF] Hao | Comparative study on monitoring structural damage in fiber-reinforced polymers using glass fibers with carbon nanotubes and graphene coating[END_REF]. Despite the fact that different types of epoxy matrices were used in each work, similar results are found for temperatures under the T g with NANOCYL NC 7000 CNT [START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF], while the two other studies are using other kinds [START_REF] Gao | Glass Fibers with Carbon Nanotube Networks as Multifunctional Sensors[END_REF] or provider [START_REF] Hao | Comparative study on monitoring structural damage in fiber-reinforced polymers using glass fibers with carbon nanotubes and graphene coating[END_REF]. The change of resistance observed seems more linked to the nanotubes' characteristics than to the matrix ones.

Reciprocally, because the matrix thermal expansion and the tunnelling conduction fluctuation are reversible phenomenon with temperature, decreasing the temperature increases the resistance. Nevertheless, a small deviation of the resistance at 25 °C can be seen after each

Chapter IV: Evaluation of the effect of external parameters on the QRS electrical behaviour during Mechanical testing ___________________________________________________________________________ 92/154 cycle. The maximum gap between the average values is 0.27 %. The increase of the CNT freedom with temperature can lead to a non-reversible CNT network modification. The room temperature resistance decrease resulting from the thermal treatment is thus providing way to measure the level non-reversibility of the thermos-resistive behaviour. This shows that the thermal history has an influence on the room temperature resistance of sensors.

The stability of the change of resistance with the temperature has also been investigated

Figure 52.c&d. The increase of the temperature has been followed by a one hour isotherm at 25 °C, 45 °C, 65 °C and 85 °C. When the temperature set point is reached, no deviation of resistance is noticed. Despite the expected higher mobility of CNT when the temperature is getting close to the T g of the matrix, the change of resistance is a nearly instantaneous phenomenon. The movement of CNT allowed by the matrix is therefore too little to be noticed on a 1 hour scale. Table 6 is summarising the variations of temperature and resistance during each isotherm. The average deviation of resistance for each temperature is less than 0.04 % for each temperature, which is also the slope of resistance change with the temperature determined in Figure 52.b. It suggests that the sensor can be accurate at ± 1°C during an isothermal treatment. The Figure 52.e shows the evolution of the resistance with the temperature during nonisothermal variations of temperature between 25 °C and 150 °C. Until 120 °C, the resistance variation is similar to the previously described behaviour. From 120 °C to 150 °C a huge drop of resistance is visible from -6 % to -30 %. A similar behaviour of CNT inside thermoplastics polymer [START_REF] Zhang | Static and dynamic percolation of phenoxy/carbon nanotube nanocomposites[END_REF] or with carbon black particles [START_REF] Zhang | Temperature and time dependence of conductive network formation: Dynamic percolation and percolation time[END_REF] has been observed before. The different authors explained this huge decreased of resistance by the dynamic percolation of the CNT.

When the temperature becomes higher than the T g , the matrix state is changing from solid to rubbery, with a decrease of its viscosity. This enhancement of the CNT movement favours attractions between CNT that improve the interconnection of the conducting network, leading to a denser network with a lower resistance. The level of the network reformation depends on the temperature, time and quantity of the filler in the matrix [START_REF] Zhang | Temperature and time dependence of conductive network formation: Dynamic percolation and percolation time[END_REF][START_REF] Zhang | Static and dynamic percolation of phenoxy/carbon nanotube nanocomposites[END_REF]. This explains the absence of a huge decrease between the T g and 120 °C, as below this temperature the time CNT have enough energy to stack within the matrix. However, during the cooling down to 25 °C, the resistance is stabilising at almost the same value as previously over 120 °C.

Consequently, the new value of the room temperature resistance (at 25 °C) is decreased of about 33 % compared to that obtained during the previous temperature cycles not reaching 120 °C. Therefore, it can be concluded that the dynamic percolation phenomenon is not reversible. To check this, an additional heating up to 150 °C has been led. Between 25 °C and 85 °C, only a small decrease of resistance (-1.1 % instead of -2.3%) is observed but during the isotherm at 150 °C an additional drop in resistance from -38 % to -41 % relatively to the initial value of resistance is obtained, confirming a further densification of the conducting network characterised by the improvement of contacts between CNT. Therefore, the proportion of tunnelling conduction is expected to be still decreasing in front of ohmic conduction. Finally, the new value of resistance obtained after heating at 150 °C is nearly keeping constant upon cooling indicating that dynamic percolation was still possible to push ahead.

From the observed thermo-resistive behaviour of the QRS without mechanical solicitation, it can be concluded that, below the T g of the matrix, the resistance instantaneously and reversibly follows temperature. Close to the T g of the matrix, the change of CTE and the improved mobility of the macromolecules from the matrix strongly affects the electrical resistance of the CPC, which suggests that the sensor could easily detect the matrix T g , but also that the temperature correction of its piezo-resistive signal would no more be linear.

Above the T g , the smoothening of the completely crosslinked matrix allows the dynamic percolation of CNT to form a denser CNT network. Therefore, monitoring the resistance variations of the QRS allows to either follow temperature variations (in a reversible temperature range, i.e., below 90 °C) or the composite's thermal history (in a non-reversible temperature range, i.e., above 90 °C).

In order to investigate the effect of temperature on the piezo-resistive performances of QRS, tensile tests of GF-EP 100 % crosslinked samples instrumented with QRS deposited on their surface were performed at various temperatures. glass transition region (80-100 °C) [START_REF] Gibson | Principles of Composite Material Mechanics[END_REF]. RATHORE et al. [START_REF] Rathore | Mechanical performance of CNT-filled glass fiber/epoxy composite in in-situ elevated temperature environments emphasizing the role of CNT content[END_REF] have found similar results

with GF-EP under the T g of the matrix with a loss of 38 % of the flexural modulus between room temperature and the T g . The QRS is also clearly affected by temperature, as its gauge factor decreases of 56 % between -30 and 80°C. Two main reasons can explain this decrease of gauge factor, the variation of the tunnelling resistance and the variation of the POISSON coefficient of the matrix. First, similarly to the results obtained in experiments without mechanical solicitations, the tunnelling conduction is reduced by the change of temperature proposed by ZHANG [START_REF] Zhang | Epoxy Resin/Nano Ni@C Composites Exhibiting NTC Effect with Tunable Resistivity[END_REF] in Equation 11:

Equation 11 𝐽 = 𝑐 1 𝑎 2 exp (-𝑐 0 𝑎 - 𝐸 𝑎 𝑘 𝑇
)

Where c 0 = 4π (2mϕ) 1/2 /h, c 1 = ϕBVe 2 /(h sin(πBkT)), B = 2πβs/h(ϕ) 1/2 /(2m) 1/2 , e and m electron charge and mass, h Planck constant, ϕ the average potential barrier, V the cross tunnelling voltage, a the tunnelling gap, β a constant, E a the activation energy, k the Boltzmann constant, and T absolute temperature in K.

One can noticed that an increase of temperature will decrease the intensity of tunnelling current with the distance between CNT "a" for junctions already presenting a gap, but will also convert ohmic junctions into tunnelling ones. The creation of more tunnelling conduction is thus expecting to increases the Gauge Factor. But the opposite is observed, thus it must be assumed that other stronger phenomena are driving the behaviour, such as for instance the softening of the EP matrix from both the GF-EP sample and the sensor, which increase significantly with temperature. This softening actually could lead to a less good transmission of stress from the polymer matrix network to the carbon architecture and additionally to an increase of the POISSON coefficient of the composites, even for temperatures under the T g [START_REF] Pandini | Time, temperature, and strain effects on viscoelastic Poisson's ratio of epoxy resins[END_REF]. GONG et al. [START_REF] Gong | Carbon nanotube agglomeration effect on piezoresistivity of polymer nanocomposites[END_REF] have thus estimated the influence of the POISSON's coefficient on the piezo-resistive response of randomly oriented CNT nano composites, and they have found that an increase of the transverse deformation of the sensor was decreasing its electrical response. These two later parameters both lead to a decrease of the GF, suggesting that the sensor's GF is intimately linked to the matrix mechanical properties [START_REF] Robert | Développement de senseurs par l'intégration de nanoComposites Polymères Conducteurs (CPC) pour le suivi de déformation et d'endommagement des structures composites[END_REF]. Moreover, it has already been shown that a decrease of 40 % of the YOUNG's modulus of the sensor could lead to a negative gauge factor. between 80 °C and 105 °C, which corresponds to the glass transition region of the epoxy matrix. Above 105 °C, the matrix is in its rubbery state and the modulus is nearly stable with a loss of 11 % of the initial value at 135°C. In parallel, the global resistance of the sensor is decreasing continuously with temperature similarly to the evolution observed previously in quiescent conditions. Thus, in the glassy state of the resin, Ar is dropping of about 2.4 % between 23 °C at 80 °C and of 4.5 % at 105 °C and of 6.6 % of its initial value at 130 °C.

Accordingly, the global resistance change during a dynamic solicitation is similar to the change of resistance at rest with temperature as discussed previously [START_REF] Gao | Glass Fibers with Carbon Nanotube Networks as Multifunctional Sensors[END_REF][START_REF] Shen | Pressure and temperature induced electrical resistance change in nano-carbon/epoxy composites[END_REF][START_REF] Hao | Comparative study on monitoring structural damage in fiber-reinforced polymers using glass fibers with carbon nanotubes and graphene coating[END_REF]. Although the tiny periodic mechanical solicitations of the DMA do not seem to affect much the electrical response of the nano composite sensor A r , it can be noticed that it behaves almost the same as the mechanical response of the composite with temperature. This is not surprising as it was shown previously that the QRS is very sensitive to moduli changes. Nevertheless, in the nano composite, temperature acts not only on the macromolecules' mobility, but also on the nanoparticles interconnection. Thus, any attempt to correlate the change in resistance with the change in modulus must be proceed by the checking of the thermal reversibility of the thermo-resistive behaviour of the sensor in the temperature range considered. be seen that the sensors are well following the DMA small deformations, although it was not visible in Figure 53.b. However, the piezo-resistive response is clearly degrading with temperature. Whereas below the T g (Figure 54.a-c), A r is well fitting the dynamic mechanical solicitations, above the T g (Figure 54.d) the sensors' response is getting out of phase with a decreasing amplitude that considerably minimises the sensors' sensitivity at high temperature as illustrated in Figure 54.e. Thus, whereas at 22 °C the amplitude of the piezo-resistive response is about 0.046%, a first decrease is observed until 30°C, followed by a second plateau until 50 °C around 0.040 %, and by a third sharp decrease between 60 and 80 °C

where ΔAr is reaching 0.01%. The decrease of sensitivity is going on above 80 °C, and over 120 °C no variation of signal is detected. Furthermore, the reproducibility characterised by error bars in Figure 54e, is quite stable from 20 °C to 70 °C, but decreases significantly above 80 °C. Similarly to the evolution of the gauge factor with temperature previously studied in static mode, the piezo-resistive response of QRS is driven by the fluctuations in tunnelling conduction induced by the intensifications of intermolecular interactions between CNT and the softening of the matrix reaching its T g . Under the Tg, the matrix is in a glassy state, which only authorises limited displacements of macromolecules and CNT, resulting in slight variations of the electronic conduction in the QRS with temperature. At higher temperatures, both macromolecules and CNT get more mobility, leading to non-reversible piezo-resistive behaviour upon deformation, explaining the higher standard deviation at high temperatures. In the polymer phase the origin of the non-reversibility is expected to comes from a plastic behaviour resulting from large conformational changes of polymer chains whereas in the percolated carbon network it must be related to a strengthening of the cohesion of aggregates.

This strong decrease in sensitivity of QRS when the cross their T g suggests that the operating temperature should be kept below the T g of the sensor matrix, where the drift in A r is linear and easy to compensate provided that temperature is measured. In this example, the temperature should not exceed 80 °C if the QRS is to be used for the monitoring of strain and health of a composite structure. Or else the variation of resistance resulting from this extreme thermal treatment must be taken into account upstream to reformulate the QRS so that its final value will be providing the sensor with enough sensitivity.
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IV.5 Conclusion

The chapter was focused on the effects of environmental conditions (mechanical, hydric and thermal solicitation) on QRS piezo-resistive behaviour, in the prospect of monitoring composite structure parts, to identify and predict the possible variations in their in service characteristics. In fine this approach aims at developing integrated sensors able to monitor the structural health of composite wind turbine blades during their whole life.

The effects on QRS piezo-resistive response Ar of several parameters haves been scrutinised:

the POISSON ratio, the fibres orientation, the strain rate, the input tension, the driving frequency, the humidity and finally the temperature. All those parameters were found to act in different ways on the QRS electrical behaviour.

For instance, the transverse deformation due to the POISSON ratio, is modifying the CNT network deformation when a longitudinal strain is applied, which affects the electrical response of the QRS allowing to follow the complex mechanisms induced by multiple solicitations.

Conversely, an increase of the strain rate does not alter much the electrical response, but the GF is found to slightly increase over when increasing the strain rates over four decades.

As well the acquisition parameters like tension and frequency do not affect the electrical trend of QRS, but the noise of responses can be decreased by 50. Humidity can affect the strain sensing as the QRS can also behave as a chemical sensor. However, in epoxy the diffusion of water is very slow, it is governed by the FICKS' law, it depends on the samples thickness, and also on crosslinking degree of the polymer matrix. The diffusion of water through the composite within the CPC sensor will act on CNT/CNT junctions by swelling matrix coating the nanotubes and adsorbing on them when free surfaces are available. The disconnection of the nano junctions leads in turn to an exponential increase of the tunnel resistance with the moisture content, and this phenomenon is reversible upon desorption by drying. In practical applications, composite structures are protected by coatings preventing the plasticisation of the polymer matrix by water that would decrease their rigidity, the diffusion of water through an integrated QRS is thus not likely to happen.

Finally, the effect of temperature on the piezo-resistive signals depends on its value compared to the T g of the polymer matrix. Below the T g , the poly(epoxyde) matrix is in a glassy state, and the resistance of QRS decreases with the temperature with the increase of the tunnelling Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel 2017
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Consequently, the sensitivity of the QRS toward mechanical deformation, i.e., the GF slightly decreases with the temperature. Crossing the T g , result in larger conformational modifications of the QRS structure inducing the non-reversible aggregation of CNT which results in a large drop of sensitivity toward mechanical deformation.

To conclude, the main source of resistance variation of the QRS is temperature. To improve the quality of non-isothermal strain sensing measurements this effect can be corrected by an independent measurement of temperature. Alternatively, it can be used to design in-situ temperature sensors, for the monitoring of the changes in physical state of the matrix. Applied to the wind turbine structure, the choice of the matrix in the QRS shall take into account the range of temperature in service use.

V.1 Introduction

During the in service state of wind turbines, the undergone stress is localised in defined areas of the blade. As simulated by RAMAN et al. [START_REF] Raman | Numerical simulation analysis as a tool to identify areas of weakness in a turbine wind-blade and solutions for their reinforcement[END_REF] in Figure 55.a, the main surface stress field during a flexural bending occurs near the root of the blade. The authors also pointed out that the joints between the upside and downside panels are also critical parts in the failure of the blade. In addition, the structure of a blade is complex, including curvatures, assembly, bonded areas, joints etc., as shown in Figure 55.b, and damages can therefore appear in various locations, on the surface, in the core of the part or in bonded zones as highlighted in Figure 1.

Thus, in the aim of monitoring the health state of a wind turbine blade, several scenarios have been tested to characterise the response of QRS, being embedded in a composite laminate.

Furthermore, from manufacturing stage to in-use service, the blade is prone to face up to a wide variety of events, among multiple impacts or environmental constraints. Sensors should thus also be able to detect damages, as impact or above elastic limit loadings. To date, the ability to measure internal strain or damage in a structure with non-destructive technics is still challenging. Optical Fibres (OF) and especially FBG are the most promising candidates thanks to their high strain resolution about 10 -4 %. Nevertheless, they are limited to strain measurement and the integration into a composite remains delicate, provided that it do not disturb the mechanical integrity of the part. As it was shown in CHAPTER II, in the studies of HUANG et al. [START_REF] Huang | Characterization and analysis of carbon fibre-reinforced polymer composite laminates with embedded circular vasculature[END_REF] and LUYCKX et al. [START_REF] Luyckx | Strain Measurements of Composite Laminates with Embedded Fibre Bragg Gratings: Criticism and Opportunities for Research[END_REF], OF have to be preferentially lined up with the surrounding reinforcement fibres to minimise the appearance of matrix-rich region in the structure. The minimal curvature radius of the fibre is also limiting the analysis of angular area as well as sharp-featured architecture. In addition, the OF diameter is usually larger than Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 102/154 the one of reinforcement fibres, i.e. above 120 µm and below 25 µm respectively, which may favour the creation of weak zones in the composite part [START_REF] Huang | Characterization and analysis of carbon fibre-reinforced polymer composite laminates with embedded circular vasculature[END_REF]. Finally, the coating on the OF, which has to be removed at the FBG position to enable the sensor measuring strain, may also weaken the interface OF/matrix. Conversely, QRS sensor appears as an alternative to avoid or minimise the limiting cited issues of the OF, since its chemical nature is similar to the structural matrix, its thickness is controllable and also because it offers a large versatility of being localised in different zones of the structure, i.e. potentially meshing a surface or a volume of the composite part.

Thereby, in order to investigate on the potential of QRS as wind turbine SHM sensors, this chapter focuses on their behaviour once embedded in the composite part (either GFRP or CFRP), then towards specific scenarios, including cyclic solicitation (fatigue), varied intensity impact, sequences of impacts, and near drilled hole (for bolted joint) or bonded joint areas.

A challenge has firstly to be addressed: QRS should be able to be embedded in all composites used in wind turbine applications, as GFRP and CFRP. To do so a technical solution has been proposed to electrically insulate the QRS from the surrounding material, provided that this layer does not degrade the overall mechanical properties of the part. Then, the electrical response of a set of multiple QRS located near the top surface and through the thickness is investigated. Indeed, the QRS which are integrated during the manufacturing process of the laminate can be located in several positions in the laminate without being too much limited by the shape or the angle in the composite part. Finally, to investigate on the electrical behaviour during the structure in service use, a set of sensors are subjected to fatigue, as well as specific events that could occur, like high loadings or impacts, and to typical strain and stress fields, like near a defect or a drilled hole and near the bonded area of a joint for instance.

V.2 Adapting QRS to fit with CFRP requirements: insulation and its effect on mechanical impact

To enable the integration of QRS inside CFRP laminate structures, the insulation of the sensor and its connections from the conductive reinforcing carbon fibres is required. Indeed, embedding directly the sensor on the top of the conductive carbon fibres would induce an electrical shortcut, thus preventing any relevant electrical measurements. To do so, the QRS and the conductive tracks (silver based ink) are deposited on a single layer GFEP film. Then a second layer is added to assure the insulation of the active QRS zone. The resulting packaged QRS is shown in Figure 56, having a thickness of less than 100 µm. Once packaged, the QRS In order to check the efficiency of QRS being witnesses of the strain field that propagates onto and throughout the composite part, several sensors were embedded in the core of CFEP laminate and their electrical response monitored upon "points bending tests. In this purpose, four locations were selected, as illustrated in Figure 58; two sensors were placed one ply underneath the top surface, with one being located upright the central span (sensor #1.2) and one farther on the side of the part (sensor #1.1). Two others QRS were then placed at similar spots but on the neutral plane/axis of the beam (sample #2.2 and #2.1). Thanks to those different locations, the QRS, being in a strain field, have thus undergone different strain level, as shown in the Equation 12:

Equation 12 𝜀 = 24 𝑓 𝑣 𝑥 𝐿 3
Where ε is the strain, f is the deflection, v is the distance from the neutral axis, x is the position along the sample, and L is the length between the two external spans.

It has been previously estimated that for such embedded sensors with an initial resistance around 20 kΩ, the GF is close to 3 [START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF]. Therefore, in order to represent the effect of the position of the sensor, the electrical response were all normalised regarding the maximum value of the sensor labelled QRS #1.2. A closer look on the curves, as shown in Figure 59.b, reveals that QRS #2.2 is nevertheless subjected to a first increase of resistance until 0.3% followed by a slight decrease, while QRS #2.1 one displays a decrease of resistance all along the bending test. Despite it indicates their closeness to the neutral axis and the resulting nearly absence of resulting strain. Hence, the latter experiment demonstrates the ability of QRS to provide in situ measurements of the undergone strain field, i.e. along the sample as well as through the thickness. A controlled and dense mesh of integrated QRS could thus provide through-thickness relevant information about the endured strain field. While CFRP is an electrically conductive material, the absence of short cuts and the individual responses of each QRS demonstrated the ability of the supporting film to insulate QRS from the sample.

In order to confirm this result upon dynamic deformation, small cyclic tests were also performed. To compare the use of QRS with other existing industrial SHM sensors, two OF with four FBG sensors each were also added at various locations in the symmetrical compression ply of the QRS in the CFEP samples. Four FBG were therefore along the first compressive ply and four were along the neutral axis ply. Where ε (%) is the strain, λ (nm) is the measured wavelength of the sensor and λ 0 (nm) is the central wavelength.

The first instantaneous jog of the measured strain of a FBG in the maximal compression ply composite is visible at 0.7 % of strain. The jogs can be caused by the FO, splitting of the reflected spectrum [START_REF] Keulen | Prediction of fatigue response of composite structures by monitoring the strain energy release rate with embedded fiber Bragg gratings[END_REF], the interface FO/sample, decohesion of the sensor with the sample, or the sample, e.g. initiation of damage close to the sensor [START_REF] Kosaka | Strain monitoring of braided composites by using embedded fiber-optic strain sensors[END_REF]. Above the elastic limit of the material (about 0.3%), the FBG measurement may not therefore provide the exact local strain.

Compared to QRS, the FBG can be damaged before the final breakage of the sample as it is visible with the first breakage of a sensor, occurring at 0.9 % of strain with a local strain measurement of -0.6 %. Although the strain precision with FBG, at least 10 -5 %, is better than with QRS, the brittleness of FO may limit their use into area of limited expected strain. In addition, Figure 61.b shows the response of FBG placed in the maximal compression ply during 30 dynamic cycling with total amplitude of 0.06 %. As for QRS, the response of the FBG sensors in the dynamic test is similar to the static one with the effect of the position of the sensor on the measured strain, and the absence of measurable strain hysteresis.

To conclude on this paragraph, it turned out that, as expected, QRS as well as FBG can monitor the strain, in a static or dynamic mode. Furthermore, QRS have shown three distinct electrical behaviours whether they are in tension, compression or on the neutral axis/plan, and also depending on their depth of integration in the composite structures (from skin to core) . Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 109/154

V.4 QRS electrical behaviour towards fatigue, impacts scenario and particular location

In order to up scale the QRS towards industrial uses, as wind turbine blades structural monitoring, the sensor must be tested during in service-like conditions, to confirm that it can detect events, damaging or not, that could happen during the structure life. To this end, the evolution of the QRS electrical properties has been studied in several cases. To check the durability and the robustness of the QRS, the sensors embedded in CFEP samples were first subjected to fatigue. Then the effects of punctual events were tested with high loadings and impacts sequences. Finally, in order to illustrate the ability of the QRS to be a privileged witness of the induced strain in the composite, the sensor's electrical behaviour was studied in the case of particular configurations, i.e. in the vicinity of a hole and in a lap joint area.

V.4.1 Response of QRS upon fatigue conditions

In the aim of checking the ability of QRS to withstand in service use of composite structures, the electrical behaviour was first investigated during the fatigue of the laminate. QRS were placed in the middle of the tension subjected surface of 0° (unidirectional) and ± 45° CFEP samples. The samples were subjected to three point bending fatigue with a stress comprised between 5 and 50 % of the ultimate flexural strength. It resulted in a maximal strain above the elastic limit of 0.5%. Figure 62.a&b present the comparison of the electrical and mechanical behaviour at the starting point and after 340 000 cycles for a (a) 0° and a (b) ± 45° sample.

For both samples the electrical behaviour of the QRS is matching the mechanical solicitation as well at the beginning of the fatigue test and after 340 000 cycles. However, a variation in the amplitude of response can be noticed. -0.3 % and +0.05 % for 0° and ± 45° respectively.

In addition, the Figure 62.c&d display the signals envelope all along the 340000 cycles for the (a) 0° and the (b) ± 45° samples.

Regarding the mechanical behaviour, three steps are displayed regardless of the fibres orientation. A first increase of the stress envelope appears up to the 100th cycle which corresponds to the transitory setting up of the sample. From the 100th to the 100 000th cycles, a constant stress envelope is visible in both cases. The maximum stress remains constant for the UD sample, while for the ± 45° sample a decrease of 3 MPa of the maximum stress is observed, which could be caused by the alignment of the fibres. After 100 000 cycles, for both fibres orientations, the width of the stress envelope stays constant, while the maximum stress initiates a decreases, caused by the initiation of matrix cracking and plies debonding [START_REF] Vavouliotis | On the fatigue life prediction of CFRP laminates using the Electrical Resistance Change method[END_REF].

The electrical behaviour for both fibres orientation also displays the same three regions. After

Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 110/154 the first transitory region of 100 cycles, the envelope remains constant until 100 000 cycles for both orientations and the value of the maximum Ar decreases of 0.2 % and 0.1 % for the 0° and 45° orientation respectively. While the initiation of damage usually increases the QRS resistance [START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF], this decrease may be related to others mechanisms like the increase of the fibres alignment or the relaxation of stress [START_REF] Vavouliotis | On the fatigue life prediction of CFRP laminates using the Electrical Resistance Change method[END_REF]. Finally after 100 000 cycles, simultaneously to the initiation of damages in the laminate, the maximum resistance increases about 0.15 % for both cases. The initiation of matrix cracking in the vicinity of the QRS is thus expressed through the CNT network disturbance and therefore illustrated by the increase of its average resistance. 

V.4.2 Response of QRS during cyclic sequences of varying intensity

From the manufacturing steps to the in-service use, the wind blade will be subjected to cyclic solicitations but could also face up to atypical or accidental loads. Thus, to check the reversibility of the QRS response and the effects of temporary high loadings, CFEP specimens were submitted to 300 alternating cycles in the elastic domain and above the elastic Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 111/154 limit. Four QRS were added in the positions #1.1, 1.2, 2.1 and 2.2 as shown in Figure 58. In addition, two FBG were added along the surface, one ply underneath the surface ply in the compression side. Figure 63.a represents the imposed strain as a function of time. Successive increasing steps are visible, with one below the elastic limit (average strain ε 1 = 0.15 %), one close to the elastic limit (ε 2 = 0.30 %), one above the elastic limit (ε 3 = 0.80 %) and on close to the ultimate strain leading to the final breakage (ε 4 = 1.13 %). Those steps are intersperses by rest strain plateaux (ε 1 , ε 1-2 , ε 1-3 , ε 1-4 ). To avoid the accumulation of damages during the cycling step, the 6.10 -2 strain cycling amplitude was selected. Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 112/154 subsequent QRS response. One can notice however the exception of QRS#1.1 in the last step (ε 4 ). This different behaviour in the last step can be associated to the increase of defects close and into the QRS. The QRS can therefore attest from the local degradation of the material.

Regarding the response of the FBG which are placed below the first compression ply, the behavior is in accordance with the applied strain, i.e. they both increase with the applied strain. In addition, a clear change in the amplitude is visible between the FBG placed near the middle and the one farther from the middle, i.e. A R FBG#1 > A R FBG#2 . Once the applied strain exceeds the elastic limit of the sample, defects and cracks are created and mainly localised in the region below the central span, and the full recovery of the value at rest is not possible. The sensor is thus affected by the previous damaging step (keeping memory of the induced damages), whereas FBG do not seem to take into account the already induced damages efficiently. Indeed, in the case of the FBG sensors, the measured strain is nearly stable for all the reference cycles. The maximum change of average strain value for Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 113/154 both sensors between the two steps is below 0.02 %. Compared to QRS, there is therefore no drift of the measurement during the reference cycling, i.e. the FBG are not sensitive to the presence of damages in the sample. One could then claim that the drift of Ar is an indicator of the amount of damages in the core of the material, meaning that the use of a discrete numbers of QRS could provide clues to localise the main affected area of a composite part subjected to loads.

To further investigate on the accumulation of damages in the sample during the cycling of the sample, Acoustic emission sensors were added on the surface of the sample. Figure 64 displays the recorded cumulative counts, the hits and the amplitude with time. During the initial cycling strain level (ε 1 ), no count has been detected, which confirms that the sample is in its elastic domain and that no damage occurs during this step. The first increase to strain level ε 2 leads to the detection of 36 cumulative counts, with an amplitude of 62 dB as highlighted in Figure 64.a. According to MECHAROUI et al. [START_REF] Mechraoui | Reliability of damage mechanism localisation by acoustic emission on glass/epoxy composite material plate[END_REF], this amplitude matches with matrix cracking. The unique appearance of cracks suggests that the cycling is close to the elastic limit but still in the elastic domain of the sample. This absence of damage initiation measured with AE explains why, in Figure 63.c, the average response of the QRS stays constant between steps ε 1 and ε 1-2 . In absence of damage, the QRS response is therefore reversible. The increase of the applied strain up to step ε 3 leads to the detection of about 27 000 counts (Figure 64.b), with an amplitude below 80 dB. The number of hits (Figure 64.c) indicates that the counts appears mainly at the beginning of the cycling, and with the increase of cycles the number of counts detection decreases. Therefore, the major accumulation of damages in the matrix is due to the strain increase while the consecutive 

Strain (%)

Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 114/154 cycles leads to smaller damages accumulation inducing lower amplitude of detection. The accumulation of matrix damages also affects the matrix used in the QRS and degrades the CNT network, leading to a higher resistance of the sensor. It explains why for the step ε 1-3 , the average Ar of the QRS is higher than for the initial cycles at level ε 1 . The accumulation of damages therefore alters the reversibility of the QRS response, whereas the FBG stay constant. In other words, the QRS signal keeps track of the previous level of strain it went though. The last increase of strain up to level ε 4 (close to the sample final failure) causes additional matrix cracking as well as interfacial debonding, expressed by a detected amplitude between 70 and 90 dB [START_REF] Mechraoui | Reliability of damage mechanism localisation by acoustic emission on glass/epoxy composite material plate[END_REF]. The hits are also gathered at the beginning of the cyclic step and the cumulative counts reaches 57 000 at the end of the step with a similar amount of counts compare to step ε 3 . This behaviour matches with the increase of Ar during step ε 1-4 as observed for ε 1-3 . It finally turned out that the change of resistance of the QRS during the mechanical deformation is affected by both the applied strain and the accumulation of damages in the sample in accordance with the AE measurements.

V.4.3 Electrical behavior of multiple QRS integrated through the thickness towards a single impact

During its 20 years lifespan, the wind turbine blade can be subjected to various types of events, including various levels of load but also impacts. Those impacts are mainly due to the weather, rain, hail, lightning, or even to the collision with birds. In France, the amount of bird/wind turbine collision per year has been estimated to 2.15 per wind turbine with a range of bird mass from a few grams (Goldcrest) to above one kilogram (Red kite) [START_REF] Marx | Le parc éolien français et ses impacts sur l'avifaune. Etude des suivis de mortalité réalisés en France de[END_REF]. These different events result in a large range of impacts energy, from 10 -6 J, in the case of rain for instance, to hundreds of joules for birds and hail, as shown in Figure 65. Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 115/154

In order to reproduce an equivalent range of drop impacts on GFEP composites, three metallic beads of varying diameter and mass were selected (255 mg, 32 g and 955 g for 3.9 mm, 20 mm and 26 mm, respectively). Their resulting energy range matches with rain, for the lightest bead, to 3 cm-diameter-hail or birds (like pigeon) for the two other heavier beads, also depending on the height of the free-fall. Six QRS were embedded in the sample in several spots as shown in Figure 66.a. Thus, according to their location and during the impact test, the sensors are expected to express the different undergone deformation, from compression to tension, below the impacted area and aside the impact. To assure the measurement of the fast impact, i.e. 1 to 3 ms, the acquisition frequency has been fixed at 4800 Hz and the input tension increased to 30 V in order to reduce the signal noise. With the lightest bead (3.9 mm, 255 mg) no event was detected by any QRS. However a signal was recorded when the sample was hit by the 20 mm diameter bead (32 g); thus implying an energy value threshold for the event to be detected by QRS. Consequently, a typical electrical and mechanical response of Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 116/154

The load curve is similar to previous observation for composite material in absence of damage creation in the sample [START_REF] Mahdi | Low-velocity impact performance of carbon fiber-reinforced plastics modified with carbon nanotube, nanoclay and hybrid nanoparticles[END_REF][START_REF] Silberschmidt | No Dynamic Deformation, Damage and Fracture in Composite Materials and Structures[END_REF]. From the electrical point of view, the electrical response of the QRS is in phase with the load. As a remark and considering the period between two measurements, the response time of the QRS is evaluated to be less than 0. Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 117/154

In addition to the undamaging tests, destructives impacts have been realized using the same sample configuration. Figure 67 displays the mechanical and electrical responses of the sample and QRS upon a 4.7 J impact (induced by the 26 mm diameter bead, 955 g, at a velocity of 3.1 m/s). Concerning the mechanical response, a first rise of the load is visible after 2 ms. At 3 ms (marker 1), the load drops suddenly, which corresponds to the appearance of matrix cracking, fibres/matrix decohesion, delaminations and transversal fibres cracking [START_REF] Bouvet | Damage tolerance of composite structures under low-velocity impact[END_REF][START_REF] Hosur | Experimental investigations on the response of stitched/unstitched woven S2glass/SC15 epoxy composites under single and repeated low velocity impact loading[END_REF][START_REF] Sevkat | Drop-weight impact of plain-woven hybrid glass-graphite/toughened epoxy composites[END_REF]. Those damages as well as the QRS films are visible in the Figure 68, which is a post mortem SEM picture of the sample. The area affected by the impact has a cone shape, with a minimal affected zone under the impact and a maximal zone in the traction side. Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 119/154

The QRS was positioned in order to be subjected to tensile deformation as shown in Figure 69.c. Figure 69.b exhibits the number of sequences needed before the breakage of the sample and the resulting infinite resistance of the QRS. A clear decrease of the number of impacts required for breakage with the increase of the impact energy is visible. KHAN et al. [START_REF] Khan | Low Velocity Impact Fatigue Studies on Glass Epoxy Composite Laminates with Varied Material and Test Parameters-Effect of Incident Energy and Fibre Volume Fraction[END_REF] described the relationship between the number of impacts and the impact energy as a power equation:

Equation 14 𝐸 𝑖𝑚 = 𝐴 𝑁 𝑓 -𝑏
Where E im is the impact energy, N f is the number of impact until sample breakage, A is the energy required for the breakage after one impact and b is a parameter depending on the material.

The maximum of accumulated energy is therefore dependant on the impact energy, and the resulting evolution of the mechanical and electrical properties may differ with in impact energy. SUGUN et al. [START_REF] Sugun | Low-velocity Impact Characterization of Glass, Carbon and Kevlar Composites Using Repeated Drop Tests[END_REF] have studied the evolution of the maximum impact load with the number of impacts. They estimated that a constant drop load occurred in the case of glass fibre epoxy composites, which may lead to a constant decrease of the sample mechanical properties. the QRS resistance at rest has been showed to be an indicator of the damage accumulation in static experiments [START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF], it can also be used in the case of dynamic tests. Furthermore, the amplitude of the electrical response during the 0.1 % cycling deformation is also enhanced by the repeated impacts. Before the first impact, the amplitude is equivalent for all QRS, about 0.25 %, while after the third sequence it becomes 4.9 %, 4.8 % and 3.1 % for 50, 30 and 20 cm, respectively. This increase of the sensitivity towards the strain deformation results from the appearance of cracks in the sensor, as for the resistance at rest. During the mechanical deformation, the opening of the cracks favours the disconnection of electrical paths in the CNT network, which lead to a bigger change of resistance. Therefore, the resistance at rest and the amplitude of the electrical response have both a specific evolution depending on the number of impacts and the height of the impact load. When embedded into a composite wind blade, the drift of resistance and the change of the electrical amplitude upon a specific deformation could both be an indicator of the amount of damages caused by impacts in the QRS area. As previously stated with the loading sequences (section V.4.2), the mapping of a volume with QRS would provide in situ information about the health state of the structure.

V.4.5 Electrical response of QRS in the vicinity of a drilled hole or a bonded joint.

Wind blade, as well as large composite structures that show complex architecture, often, even always, present areas with assembly, bolted joint, rivet and/or bonded surfaces. These areas are of particular importance since homogeneity of the materials is not always present, potentially leading to weak point or stress concentration. Thanks to their homogeneity with the sample, QRS can be embedded in such areas of stress concentration, without detrimentally affecting the mechanical properties of the structure, to provide information on the strain field.

To illustrate this statement, two cases with complex stress and strain fields have been selected. The first one is the presence of a hole drilled in a structure, that could be used for bolt or a rivet in the aim of assembling two parts.. The second one is a bonded joint, like

Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 121/154 between two shells of a wind turbine blade, on which shear deformation is applied. In those cases, the use of alternative strain measurements technics like strain gauges or FBG may be limited, due to the risk of sensor degradation during the hole manufacturing or the interface degradation in the joint. Concerning the presence of a hole, a Finite Element Modelling (FEM) with the software Abaqus has been realised with the sample characteristics (Table 9).

The resulting strain field is shown in Figure 71.a. Before breakage, a clear concentration of the strain in the horizontal sides of the sample is visible, while in the vertical sides nearly no deformation occurs. 

Average strain (%) -origine 6

Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 122/154 compared with the average strain (point 6). From 0 to 0.2 %, the strain in the vicinity of the hole is similar to the average strain. Then, it is followed by a continuous increase of the localised strain, about three times the average strain between 0.4 % and 0.8 % average strain.

Taking a look just before the breakage, one can notice that the maximal strain close to the hole is nearly four times the average strain. In regards of the sensors, they all exhibit a similar trend in their electrical response, as shown in Figure 71.e&f. A first linear response occurs until 0.2-0.3 %, followed by a distinct continuous increase of the resistance until the breakage of the sample. In addition, sudden increases of the resistance appear independently for all QRS reflecting their local variation of strain. As the digital image correlation system highlights, the effective strain field occurring around a drilled hole is different than the predicted one by FEM. For in service wind turbine blade, the use of a strain monitoring technic may be compulsory to localise the effective deformation, which would also help to improve the model. A QRS mapping in a complex area may therefore provide the effective strain field.

The second selected condition was the case of a bonded joint. In this case, the stress field during a single lap joint experiment is not homogeneous throughout the joint [START_REF] Ojalvo | Bond Thickness Effects upon Stresses in Single-Lap Adhesive Joints[END_REF][START_REF] Canal | Monitoring strain gradients in adhesive composite joints by embedded fiber Bragg grating sensors[END_REF][START_REF] Magalhães | Evaluation of stress concentration effects in single-lap bonded joints of laminate composite materials[END_REF]. As shown in Figure 72, MAGALHÃES et al. [START_REF] Magalhães | Evaluation of stress concentration effects in single-lap bonded joints of laminate composite materials[END_REF] have studied the resulting stress in a single lap joints test depending on the position in the sample. The authors have evidenced two main stress components, i.e. peel and shear, and the repartition of the stress along the joint depends on the plan. In the case of the interface between the sample and the joint, for example P3 plane, the peel and shear stresses are not symmetrical and the maximal stress is displayed in the position x = 0. In order to characterise the behaviour of QRS in a bonded joint, lap joint shear experiment with the EN 1465 standard were performed with a total of 6 samples. Two different conditions were chosen as shown in Figure 73.a. One has to remark that unlike previously, here the QRS were directly sprayed on the GFEP sample to reduce any effect on the mechanical properties of the bonded area. In the configuration #1 the QRS was positioned along the complete interface of the GFEP sample and the bonding matrix in order to be sensitive to the complete stress field. In the configuration #2, the QRS were positioned in three different locations along the interface of the GFEP and the bonding matrix. Three different stress components are targeted: at the bottom (position 1) with the theoretical maximal peel and shear stress, in the middle (position 2) with no peel stress and the minimum shear stress, and at the top with intermediates stresses (position 3) [START_REF] Magalhães | Evaluation of stress concentration effects in single-lap bonded joints of laminate composite materials[END_REF].

In the two configurations, the total surface covered in the joint by the QRS and the conductive tracks is higher than 50 %. The failure stress of the 2 configurations has therefore been measured in order to evaluate the mechanical impact of the QRS. An average failure stress decrease of 48.2 and 47.7 % for configuration # 1 and 2 occurs, respectively. Although the QRS are homogeneous with the matrix and the area of conductive tracks is lower than 10 %, it may favour the initiation of weak points in the joint. Therefore, in the next paragraph, only the trend of the QRS electrical behaviour will be examined. In configuration #2 of Figure 73.c, each QRS exhibits a specific electrical behaviour depending on its position. The QRS in the position 2 has a linear resistance increase of until the joint failure, and its change of resistance is predominant above the two others until 6 MPa.

The QRS in position 1 displays an exponentially increases until breakage but having a lower resistance than the two others QRS until near the breakage. Finally, the QRS in position 3

QRS exhibits an intermediate behaviour with a continuous increase of the slope. Those changes in the QRS resistance suggest that the QRS in position 2 is the first subjected to stress. According to the stress evaluation presented by MAGALHÃES et al. [START_REF] Magalhães | Evaluation of stress concentration effects in single-lap bonded joints of laminate composite materials[END_REF] in Figure 72.b&c, the x=0.5 position in the P3 plan is only subjected to shear stress. Therefore, in Figure 73.c, the shear stress is initially prevailing upon the peel stress, and the QRS response is linear with the shear stress. Furthermore, the higher change of resistance of the QRS in position 1 (x = 0 in Figure 72.b&c) compared to the position 3 (x = 1) is also in accordance with the stress evaluation presented by MAGALHÃES et al. [START_REF] Magalhães | Evaluation of stress concentration effects in single-lap bonded joints of laminate composite materials[END_REF]. The consecutive resistance increase of the QRS in position 1 and 3 implies that the increase of the peel stress becomes Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 125/154 larger than the shear stress with the total sample stress. Finally, at the joint breakage, the resistance in position 1 and 3 resistance is higher than in position 2. It indicates that the peel stress may cause the sample breakage. In configuration #1, because the QRS covers the whole length of the joint, its electrical behaviour is expected to include the behaviour of the QRS of configuration #2. In Figure 73.b, until 4 MPa, the QRS first displays a nearly linear increase of resistance with the stress of 0.033 %.MPa -1 , followed until the joint breakage by an enhancement of the resistance rise at 0.191 %.MPa -1 . At first, the nearly linear increase corresponds to the initial shear stress in the middle. Above 4 MPa, the change of slope indicates the increase of the peel stress until the break-up of the joint. Despite the fact QRS could provide in situ measurements of the stress in joints, its mechanical impact has to be reduced. The use of a larger total joint area, as for a blade, may lead to this decrease, thanks to the reduction of the percentage of covered area by the QRS in the joint.

V.5 Conclusion

The up-scaling of QRS is a critical challenge to enable their use as SHM sensors for large structures like wind turbine blades. Several issues have therefore to be addressed. The localisation of QRS in a GFRP or CFRP structure, as well in the surface and through the thickness, should be possible to provide the in situ strain. The mechanical properties of the structure should be preserved despite the addition of external part. The QRS should be able to provide measurements along the complete life, from elastic deformation until the final breakage of the structure. In addition, during the in service use of the structure, punctual events can occur, which may lead to the composite damage. Those events can include high loadings or impacts. Finally a complex strain and stress fields are to be expected, for example in the case of bored hole or lap joints.

In this chapter, a packaged QRS film was firstly presented. It enables to integrate and localise the sensor in GFRP and CFRP without electrical short cuts with the structure and without any noticeable degradation of the mechanical properties. Secondly, the effect of the localisation of the QRS, along the surface and through the thickness of a sample, during static and dynamic tests has been studied. The QRS have displayed different electrical behaviours whereas they are in compression, traction or in the neutral axis and the response is also dependant on the distance from the maximum strain area. QRS have therefore demonstrated the ability to make through thickness strain measurements and that a mapping of QRS would provide the strain field in the whole sample. Thirdly, the evolution of the QRS behaviour during the fatigue of the structure has been investigated. A first temporary decrease of the QRS resistance appears Chapter V: Integration of QRS in composites for strain, events and damages localisation towards SHM uses ___________________________________________________________________________ 126/154 while the mechanical properties of the structure are stable, corresponding to the setting up of the structure and QRS. The consecutive degradation of the sample is also visible on the QRS electrical signal with for example an increase of the resistance. Fourthly, samples with equipped QRS have been subjected to punctual high loadings during cycling and impacts.

QRS have shown to measure cycling deformation both in the elastic domain and above the elastic limit. The temporary cycling above the elastic limit has also lead to a residual change of resistance in the QRS. The resistance of the QRS at rest is therefore an indication of the local accumulation of damage in the sample. The impact tests have shown that the QRS have an instantaneous response towards a punctual event and that they can detect from undamaging to destructive impacts. During the repetition of impacts, the electrical behaviour of the QRS is also an indication of the change of the mechanical properties of the sample. Finally, in a complex strain and stress field, like around a hole or in lap joint, the use of QRS can provide in situ measurements.

Therefore, QRS have shown to detect various mechanical events from elastic deformation to damaging events and breakage. Compared to others SHM technics like strain gauges, FBG or AE, QRS have the advantage to be embedded in the core of the structure and be sensitive to damage and strain. Nevertheless, the precision is still below current industrial technics; and while no effect on the static mechanical properties have been observed, the impact of an embedded QRS mapping on the long term in service properties has to be stated. To favour the current expansion of composite applications, especially regarding the huge dimensions of expected new generation of wind turbine blades (over 100 m for 6 MW), that will require to take into account the complex degradation mechanisms of multi-material composites, it is necessary to consider the use of Structural Health Monitoring (SHM)

technics to monitor the in service state of the structures. To date, the most promising technologies can be summarised to metallic strain gauges, optical fibre and acoustic emission.

Although they are industrial technics with high precision measurements, their handling is not trivial and none of them can to date provide both the strain and damage degree in the core of the structure. There is therefore a will to develop a new kind of sensors, sensitive to both strain and damage, and homogenous with the composite to allow in-situ and non-intrusive core measurements.

A promising solution ensuring the sensor homogeneity with the structure, consists in using the same matrix for the composite and the sensor. The latter is thus filled with nano conductive particles, like carbon nanotubes (CNT) for instance. The control of the nano fillers dispersion and the processing parameters enables to make transducers both sensitive to strain and damage. In this purpose, the Smart Plastics Group (IRDL) is developing Quantum Resistive Sensors (QRS). The use of a discrete QRS mapping on the surface and in the core of a structure could lead to a complete mapping of structure state. The collaborative research project EVEREST aimed increasing TRL of the QRS towards an industrial use. In this context, the objectives of this PhD were to demonstrate the feasibility of the use of embedded QRS to monitor the health state of large scale structures, such as wind turbine blades.

At first, a literature survey of the health monitoring strategies used for thermoset composites for windmill blades is presented in chapter II. After the description of the different expected damages that can occur in a wind turbine blade and the benefit that SHM could bring, the current most common strain and damage techniques are reviewed. It includes metallic strain gauges, optical fibres like Fibre Bragg Grating (FBG)), acoustic emission and ultrasonic measurement. Although the cited technics allow a precise detection, close to 10 -4 % for FBG those technics imply to add external material to the structure, which may be intrusive for in situ measurements, are expensive and are mainly limited to either strain or damage detection. This is why the development of "self-sensing" materials to overcome those issues seems promising. Actually, these materials proved to be able to provide real-time information about their mechanical behaviour and their environment. From the literature, it appears that most of these materials are recording the composite's variation of resistance. In the case of carbon As previously stated, the influence of external parameters on the QRS characteristics have still to be studied. In chapter IV, the effect of the composite properties, the mechanical solicitation, the electrical acquisition parameters and the environmental parameters is therefore investigated. Regarding the material properties, the modification of the Poisson's ratio, controlled by the composite fibres orientation, can lead to a competition between the axial and the transverse deformation, which alters the QRS electrical response. In the case of the solicitation's parameter, the QRS gauge factor has increased of less than 10% over a four decades' strain-rate range. Concerning the electrical acquisition parameters, no change of behaviour has been noticed, and increase the input tension or decreasing the acquisition frequency enabled to reduce the signal noise. Finally, the effect QRS response of two environmental parameters, namely humidity and temperature, has been investigated.

Increasing the humidity level around the sensor promotes the diffusion of water molecules through the free volumes of the polymer matrix and further its absorption on CNT surface and Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel 2017

Chapter VI: General conclusion ___________________________________________________________________________ 132/154 swelling of the matrix coating the junctions. This leads to an exponential increase of the resistance according to the tunnel conduction law. This variation of resistance could reversely be used to follow the diffusion of water in the composite. Regarding the effect of temperature, it is found that below the Tg, the matrix being in its glassy state, the resistance decreases with the increasing temperature, due to the predominance of tunnelling conduction over the matrix volume expansion. Additionally, the sensitivity of the QRS toward mechanical deformation slightly decreases with the temperature. Close to the Tg, the thermal expansion of the resin is increased but competes with the decrease of tunnelling conduction resulting from the densification of the conducting network. The large conformational changes encountered by the macromolecules when crossing the glass transition in conjunction with the Brownian movement are promoting the aggregation of CNT via dynamic percolation, and therefore a drastic decrease in the resistance that results in a large drop of the QRS sensitivity toward mechanical deformation. Therefore, the resistance variations of the QRS with temperature could be used to track the structural changes of the composite's especially during the curing of the matrix provided that the polymer is the same initial state in both the QRS and the composite. Conversely, to decrease the sensitivity to temperature of the QRS, it is possible to pre-reticulate it or increase the T g of its matrix.

The third key parameter for QRS development is their up-scaling as SHM sensors for large structures like wind turbine blades. Several challenges have been addressed, such as the packaging of QRS with insulating films to allow their integration in CFRP without electrical short cuts and noticeable degradation of their mechanical properties. Depending on their localisation (along the surface or through the thickness), QRS exhibited different electrical behaviours during static and dynamic tests, whether they were solicited in compression, traction or in the neutral axis. Additionally their response was also found dependant on the distance from the maximum strain area, which demonstrates the ability of QRS to make through thickness and surface strain field mapping. Then, to check the robustness of QRS for in service use in composite structures, the effect of fatigue and punctual events on their piezoresistive behaviour has been studied. During fatigue tests, after a quick stabilisation step the increase of QRS resistance allowed to follow the degradation within samples. Their also proved able to monitor punctual events such overloads or impacts during cycling. QRS were able to follow cycling deformations in the elastic domain and above up to failure. Operating above their elastic limit QRS also encounter non reversible structural modifications evidenced by residual changes in their resistance that can be used as an indication of the local damage Additionally the present development of QRS has been limited to the use of CNT as fillers in the matrix, but could be extended to hybrids. As seen in the literature, other nano carbons used alone or in combination with possible surface functionalization could be used, since their electrical behaviour during mechanical deformation has not yet been investigated. To extend the study of the curing process monitoring, additional parameters could be investigated, such as the effect of the process pressure, in case of autoclave curing, or an initial partial crosslinking of the QRS to favour the handling during the positioning in the sample. The form and the dimensions of the QRS have been kept constant, but changing their shape could bring interesting features, for example high aspect ratio transducers could reduce the effect of the transverse deformation, or curved QRS to match the predicted strain field.

Finally, in the frame of the collaborative EVEREST project, in which the expected milestones have been achieved, the integration of a QRS network is now necessary to demonstrate their mapping ability of large surfaces. This conclusive step is thus scheduled for the last period of the year, from October to December. The objective is to manufacture a composite part, more precisely a 1/8 th tidal turbine blade (via the industrial process developed in the frame of a second project: Hobit / IRT Jules Verne [START_REF] Irt | Fabrication de pâle d'hydrolienne composite en série[END_REF], and in which both technologies, i.e. optical fibres and the developed QRS, will be implemented in the core of the part. The EVEREST partners, being confident in the promising results obtained in the frame of their project, are on
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Figure 3 :

 3 Figure 3: Principle of a FBG sensor [69]. (a) A Fibre BRAGG Grating structure with the different refractive index (outer n 0 , fibre n 1 , core n 0 , and grating n 3 ) and the distance Λ between each grating. (b) The refractive core index profile. (c) Illustration of the transmitted and reflected spectral response regarding the input signal.

Figure 4 :

 4 Figure 4: OF embedded in a composite (a) perpendicularly to the fibres (diameter 80 µm and scale bar 500 µm) [80] and (b) in the fibres axis (diameter 125 µm) [81].HUANG et al.[START_REF] Huang | Characterization and analysis of carbon fibre-reinforced polymer composite laminates with embedded circular vasculature[END_REF] have compared carbon fibre reinforced polymer (CFRP) compression behaviour with stainless steel wires embedded in the core. The wires diameter was varying from 80 to 560 µm. The authors reported a decrease of the failure strength with the diameter, of 1.120 GPa and 0.393 GPa for 80 µm and 560 µm, that represented 87 and 30 % respectively of the initial failure strength of the pristine CFRP. Although the OF mechanical properties and their adhesion with the matrix is different from the steel wire, a similar trend can be expected when embedding OF in composites.

Figure 5 :

 5 Figure 5: Various orientation of OF on a wind mill blade for SHM. Fibres can be onto the surface, embedded, along the blade or on the spar cap [82].

Figure 6 :

 6 Figure 6: Damage detection with propagating and standing guided waves: (a) pitch-catch, (b) pulse-echo, and (c) thickness mode [99].
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 106 energy. REZAYAT et al.[START_REF] Rezayat | Reconstruction of impacts on a composite plate using fiber Bragg gratings (FBG) and inverse methods[END_REF] used a 10 FBG sensors to localise the impact on a composite plate as schematically represented in Figure8.a. The authors mapped the studied surface with FBG sensors and further used a hammer to hit the surface on one of 20 determined nodes. With the use of a variable selective least squares method, the authors were able to reconstruct the surface via the detected amplitude, noticing the lowest amplitude for the node that was hit, as shown in Figure8.b. The researchers were able to have a precision of the distance between each node, ie 10 cm.

Figure 8 :

 8 Figure 8: Identification of a force localisation by a least squares method on a 550x350x2.4 mm 3 composite plate with a 10 FBG sensors network mapping [77]. (a) Experimental setup illustration with the FBG positions and the applied force on the node 2. (b) Estimation of the force localisation via the proposed method. The amplitude decrease with the assess force proximity. Sensor 2 has the lower amplitude.

Figure 9 .Figure 9 :

 99 Figure9.a, the change of resistance was linear with the strain until the first fibre fracture at 0.7 %, followed by a larger change of resistance and finally infinite resistance at the breakage of the sample. They reported an initial resistivity of 332 Ω.m (2.5 MΩ for a 19 cm long sample), and a 0.6 % change of resistance at 1.0 % of deformation. Similar results have been reported by WANG et al.[120] with a sample of epoxy reinforced with 5.5 vol. % of short carbon fibres, and TODOROKI et al.[START_REF] Todoroki | Electrical Resistance Change of Unidirectional CFRP Due to Applied Load[END_REF][START_REF] Todoroki | Strain and Damage Monitoring of CFRP Laminates by Means of Electrical Resistance Measurement[END_REF] mentioned that they could reach a gauge factor of about 2 with CFEP samples, as shown in Figure9.b.

Figure 10 :

 10 Figure 10: Influence of deflection on the electrical resistance of a CFEP sample: surface subjected to (a) compression, (b) tension and (c) through thickness. (d) Sample configuration with mm dimension for the selfsensing testing. The outer contact (A, D) are for currant injection and the inner contact (B,C) are for voltage measurements [123].

Figure 11 :

 11 Figure 11: (a) Tensile test, at 1 mm/min, of a unidirectional CFEP laminate with the recording of the stress and electrical resistance of the sample. Centre ply was cut through to initiate delamination process [130]. (b) Evolution of the resistance and the modulus of CFEP during a fatigue test [131].

Figure 12 :

 12 Figure 12: Resistivity behaviour of a polymer with the increase of filler volume content. The left inset, in region I, represents the fillers dispersion with no conductive pathway and a resulting nearly infinite resistivity. The central zone depicts the insulated-conductive transition with the formation of the first conductive path. The right inset, in region II, represents the fillers dispersion in a conductive matrix with several electrical pathways, resulting in low electrical resistance.

Figure 13 :

 13 Figure 13: (a) SWCNT Bucky paper fixed on a brass sample by epoxy and protected by a PVC film [64]. (b) Change in voltage of the BP sensor with the tensile strain measured by a 4 points method. The change of voltage is due to the deformation of the CNT network [64].

Figure 14 :

 14 Figure 14: (a) SEM observation of the edge boundary between a CNT Bucky paper and an epoxy matrix [180]. (b) Tensile strength of carbon fibre/epoxy composite with different thickness of Bucky paper embedded in the middle of the composite, which illustrates the possible sample weakening due to the addition of too thick BP [182].
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 16 Figure 16: (a) Cyclic loading of a cross-ply glass fibre CNT-epoxy laminate showing resistance and strain response. During the tensile part, three electrical behaviours are noticeable by the change of slope: crack reopening, elastic deformation and damage accumulation [51]. (b) Evolution with the cyclic loading of the elastic modulus and resistance at rest due the damage in a cross-ply glass fibre CNT-epoxy laminate [51].

  the elastic domain (region I), the damage initiation with matrix microcracking (II) until 40 % of the Ultimate Tensile Strength (UTS), the saturation of the matrix cracking (III) until 80 % of UTS and the final fibre fracture (IV). They observed a 0.881 nF relative capacitance reduction and a 500 MΩ relative resistance increase in region II. In region III, the variations were reduced with a relative capacitance decrease of 0.003 nF and resistance increase of 100 MΩ. The fibres fracture and the resulting specimen's failure (region IV) led to a more pronounced change of slope in both capacitance and resistance due to the breakage of the matrix, with a decrease of 0.005 nF and an increase of 450 MΩ, respectively. The destruction of the CNT network during the breakage of the matrix may at the same time reduce the number of conductive paths, increasing the global resistance, and the available segments, reducing the global capacitance.Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel 2017Chapter II: Literature survey on health monitoring of thermoset composites for wind turbine blades

Figure 18 :

 18 Figure18: a) Principle of electrical resistance tomography (ERT), current is injected between pairs of electrodes and the voltage measured allows to calculate the resistances at the intersections. The scanning of all electrode pairs allows to mesh the sample and estimate the local strain and damage. b) ERT sample made of GFEP with 0.5 wt % CNT in the matrix[START_REF] Baltopoulos | Exploiting carbon nanotube networks for damage assessment of fiber reinforced composites[END_REF].The intensity applied between two electrodes allows to measure the voltage for all the others electrodes. This operation is repeated consecutively for every pair of electrodes. The scanning of all pairs of electrodes in the sample, allows to mesh the whole CNT film. The local conductivity of the network measured by the tension at each electrode was affected by the

Figure 19 :

 19 Figure 19: Schematic illustration of composite plate specification and strategy for EPM. The resistance is measured for every successive electrode. Any local network modification affected the nearer pair of electrodes resistance, allowing detection of 1 J impact [205].

Figure 20 :

 20 Figure 20: Schematic illustration of a GFEP reinforced with 0.3 wt % of CNT. Parallel silver ink are drawn on each surface perpendicularly for through thickness mapping [209].

Figure 21 :

 21 Figure 21 : a) Simultaneous change of electrical resistance and stress as a function of strain for single coated fibre/epoxy composite. Inset figures correspond to the sample profiles at different stages[START_REF] Zhang | Functional interphases with multi-walled carbon nanotubes in glass fibre/epoxy composites[END_REF]. b) Fuzzy fibre's resistance variation with load for different orientations[START_REF] Sebastian | Health monitoring of structural composites with embedded carbon nanotube coated glass fiber sensors[END_REF]. Relative c) humidity and d) temperature dependence of a fuzzy fibre[START_REF] Gao | Glass Fibers with Carbon Nanotube Networks as Multifunctional Sensors[END_REF].

  CNT, others nano-carbon based fillers have been studied to tune the electrical properties of insulating composites, like carbon nanoparticles (CNP), graphite and graphene nano-platelets (GNP), as shown in Figure 22. CNP are nearly spherical particles from 10 to 100 nm welded together during their synthesis into aggregates of 200 to 800 nm [225]. GNP are planar sheets about 1 nm thick and several micron length [226]. CNT are made of graphene sheets shaped to form a tube with one to 20 walls. For commercial multi-walled CNT, the external diameter and the length are about 10 nm and 1 µm respectively [227]. As for CNT, those carbon based fillers can also be used to improve the mechanical [228-231],

Figure 22 :

 22 Figure 22: Schematic structure of a) carbon black primary particles fused together to form aggregates and agglomerates; b) hexagonal graphite showing the ABAB stacking of honeycomb carbon layers ; c) structural variety of CNT and orientation of the carbon network in armchair (n, n) and zigzag configuration (n, 0); d) Single, double and multi-walled CNT [242].

Figure 23 :

 23 Figure 23: Electrical and stress responses of epoxy nano-composites samples, reinforced with a) 2 and b) 5 wt % GNP, under tensile test.A first linear resistance increase with strain occurs, followed by an exponential rise. The filler loading increase favours the linear response overs the exponential[START_REF] Moriche | Strain monitoring mechanisms of sensors based on the addition of graphene nanoplatelets into an epoxy matrix[END_REF].CHIACCHIARELLI et al.[START_REF] Chiacchiarelli | The role of irreversible and reversible phenomena in the piezoresistive behavior of graphene epoxy nanocomposites applied to structural health monitoring[END_REF] have observed the response of a 2 wt % GNP filled epoxy sensor on the surface of a composite under increasing cyclic bending loadings. They evidenced a decrease of the initial sensitivity under damaging of samples. After 7 cycles, at 6 10 -3 strain, the change of resistance was measured at 40 % while estimated at 65 % for an undamaged sample. The authors linked this change in sensitivity to the progression of damage in the matrix resulting in a measurable irreversible change of resistance during the successive loadings. Lately, graphene interleave has also been used to detect delamination in CFEP composites by DU et al.[START_REF] Du | Graphene/epoxy interleaves for delamination toughening and monitoring of crack damage in carbon fibre/epoxy composite laminates[END_REF]. The addition of 1.0 wt % GNP interleave in the delamination area led to an increase of the G IC by a factor two and to a rise of the sensor's resistance with the crack's propagation. Individually, all those carbon fillers have shown some interest for strain and damage monitoring. The combination of two or more of them allowed creating

Figure 24 :

 24 Figure 24: Two cases of conductive pathway formation in ternary CNP-MWCNT/epoxy systems. Addition of bridging CNP particles to create new conductive paths and increase the electrical conductivity, or CNP aggregate around an existing path to conserve or lowered the conductivity [264].Firstly, they claimed that CNP particles can create new conductive paths by bridging some branches that were not yet connected, thus leading to an instantaneous increase of the material's conductivity. Secondly, the CNP particles can aggregate around an existing conductive path. The enhancement of the conductivity should be preserved, but if CNP replace CNT, the resistance might increase because of the lower intrinsic conductivity of CNP compared to CNT. The percolation synergy between CNP and CNT fillers has been described by the Equation 5[START_REF] Sun | Modeling of the Electrical Percolation of Mixed Carbon Fillers in Polymer-Based Composites[END_REF]:

Figure 25 :

 25 Figure 25: Possible morphologies explaining the synergistic effect between GNP, CNP and CNT a) GNP alone, (b) bridging and separation of GNP with CNP particles, (c) enhancement of the bridging by CNT [266].

Figure 28 :

 28 Figure 28: Fabrication's steps of composite samples equipped with two embedded sprayed QRS. A liquid solution containing the CNT-epoxy mixture is sprayed directly on the glass fibre fabric. The ply is embedded prior the epoxy infusion process. Thus after fabrication, the sensors are embedded in the sample's core [38].The "on-demand" dimensions of the sensing multilayer film were fixed to 10 mm x 5 mm x 1 µm. The authors have named this sensor quantum resistive sensor (QRS). QRS are made with additive manufacturing and the reached level of crosslinking was similar to the one of the GFEP. Conveniently, the resulting gauge factor could be adjusted by changing the filler content as well as the number of sprayed layers. They obtained GF from 4 and 12 for QRS

Figure 30 :

 30 Figure 30: Life stages of a wind turbine blade: "smart-blade" design methodology [55].

Figure 31 :

 31 Figure 31: Crosslinking reaction of a DGBA resin with an amine hardener.

Figure 32 :

 32 Figure 32: Crosslinking degree versus time of a neat epoxy resin during isothermal curing at 120, 80, 60, and 40 °C with DSC measurements under 40 mL/min nitrogen flow.The crosslinking curves' evolution is similar for all four temperatures. They all exhibit a sigmoidal shape with an increase of the crosslinking degree with time. An increase of the temperature accelerates the start of the crosslinking rise, respectively after 2, 70, 300, and 600 seconds for 120, 80, 60, and 40 °C. The crosslinking degree of the final plateau also increases with the temperature, respectively at 100, 90, 80, and 70 % for 120, 80, 60, and 40 °C. This behaviour during isothermal curing matches with previous works[START_REF] Olcese | Curing kinetics of epoxy resins[END_REF][START_REF] Xie | Cure kinetics of carbon nanotube/tetrafunctional epoxy nanocomposites by isothermal differential scanning calorimetry[END_REF][START_REF] Fogel | Thermal, rheological and electrical analysis of MWCNTs/epoxy matrices[END_REF][START_REF] Sourour | Differential scanning calorimetry of epoxy cure: isothermal cure kinetics[END_REF][START_REF] Ryan | Kinetics of epoxy cure: a rapid technique for kinetic parameter estimation[END_REF][START_REF] Rabearison | A cure kinetics, diffusion controlled and temperature dependent, identification of the Araldite LY556 epoxy[END_REF][START_REF] Moroni | Cure kinetics of epoxy resins and aromatic diamines[END_REF].

Figure 33 :

 33 Figure 33: Viscosity variation as a function of time of a neat epoxy resin during 40, 60, 80 and 110 °C isothermal curing with DSC measurements under 40 mL/min nitrogen flow.
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Figure 34 :

 34 Figure 34: Normalised resistance R/R 0 evolution versus time of an EP-2CNT (poly epoxide resin with 2% CNT) sensor without crosslinking during an isothermal curing at 40, 60, 80, and 120 °C. R 0 is the initial resistance of the sensor.

  drop occurs earlier with an increase of the isothermal temperature (after 30, 100, 260, and 400 seconds for 120, 80, 60, and 40 °C respectively). Finally the resistance becomes stable. The Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel 2017

Figure 35 :

 35 Figure 35: Schematic illustration of a conductive path's formation in a CNT-epoxy resin nano composite with dynamic percolation and without crosslinking. (a) Initial state and (b) after dynamic percolation. ZHANG et al proposed a model for the dynamic percolation in thermoplastics matrices, shown in Equation 8 [323]:

Figure 36 :

 36 Figure 36: Resistance evolution versus time of an EP-2CNT sensor with crosslinking during an isothermal curing at 40, 60, 80, and 120 °C.

Figure 37 :Figure 38 :

 3738 Figure 37: (a) Comparison of the resistance evolution versus time of an EP-2CNT sensor with and without crosslinking during an isothermal curing at 80 °C. (b) Comparison of the sensor's onset time of percolation in absence or presence of crosslinking. (c) Comparison of the sensor's resistance after 4 000 s in absence or presence of crosslinking.The initial acceleration of the resistance drop in the presence of crosslinking can be explained by the improvement of chains' mobility thanks to the viscosity decrease and the enhancement of CNT/CNT interactions as illustrated in Figure38. In a second step, crosslinking is resulting in volume exclusion that tends to segregate CNT and favours their dynamic percolation.

Figure 39 :

 39 Figure 39: Evolution of the normalised resistance R/R 0 of an EP-2CNT sensor with the crosslinking of the resin during an isothermal curing at 40, 60, 80, and 120 °C. The lines correspond to a Boltzmann fitting.

  Self-sensing thermoset composite, understanding the electrical behaviour during the matrix crosslinking: a clue for process monitoring? B, C and D are the independent parameters and α the crosslinking degree.

  [START_REF] Gnidakouong | In situ process monitoring of hierarchical micro-/nano-composites using percolated carbon nanotube networks[END_REF]. The authors have coated glass fibres with CNT before their embedding between glass fibre plies. During the infusion step, the arrival of the resin flow front close to CNT was well evidenced by an increase of the resistance larger than 100%. The monitoring of the crosslinking reaction together with the temperature rise were characterised by a 20 to 40 % decrease in resistance at the end of the process. Similar results were found by LU et al. with a Bucky Paper (BP) embedded in a glass fibre epoxy prepreg[START_REF] Lu | Monitoring the manufacturing process of glass fiber reinforced composites with carbon nanotube buckypaper sensor[END_REF]. Because of the high viscosity of the resin initially at room temperature, the temperature rise first decreased the CNT network's resistance due to a negative temperature coefficient (NTC) effect. The authors observed a drop in resistance of about 2.9 % within a 17 °C increase. The, the following decrease of viscosity with temperature caused the resin penetration into the BP. The Bucky paper's resistance is found to rise of 225 % due to the CNT disconnection. The authors further observed a slight decrease of resistance (10 %) due to the matrix shrinkage with crosslinking. They finally noticed a slight increase of resistance with the cooling of the composite.No similar effect was observed on the capacitance during crosslinking of the CNT-epoxy system[START_REF] Battisti | Dielectric monitoring of carbon nanotube network formation in curing thermosetting nanocomposites[END_REF]. The influence of multiple temperature steps can also be observed in Figure40, which represents the evolution of QRS resistance, sample's temperature and epoxy crosslinking degree during a complex curing cycle.Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel 2017

Figure 40 :

 40 Figure 40: Evolution during a curing cycle of the EP-2CNT sensor's resistance, of oven's temperature, and of resin's crosslinking. The vertical lines indicate the separation between the different parts of the curing cycle.

Figure 41 :

 41 Figure 41: Evolution of the EP-2CNT sensor's resistance during a curing cycle versus (a) the temperature and (b) the crosslinking degree.

Figure 42 :

 42 Figure 42: (a) Evolution during a curing cycle of 4 EP-CNT sensors' resistance with CNT content in the epoxy matrix from 1 to 4 wt%. (b) Evolution with the CNT loading of the resistance before (R i ) and after (R 0 ) the curing cycle and the ratio R i /R 0 .

0
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Figure 43 :

 43 Figure 43: Evolution of the resistance during the curing with sharp stops. Each sample was quenched to 25 °C at different steps of the curing cycle, corresponding to the start or the end of a temperature plateau. The arrows correspond to the quenching time.

Figure 44 :

 44 Figure 44: (a) Evolution of stress and QRS change of resistance (AR) with strain during a static tensile test until fracture of a 0° UD glass fibre epoxy composite. (b) Evolution of the sensor's gauge factor in the elastic domain and the epoxy resin Young modulus with the resin crosslinking degree.

Figure 44 .

 44 Figure 44.a depicts a typical tensile test of a fully cured 0° UD glass fibre epoxy laminate monitored by a QRS. The sample displays a fragile mechanical behaviour with a linear increase of stress until the final fracture and a Young Modulus of 30 GPa. The QRS electricalresponse can be separated into two parts. First, in the elastic domain of the epoxy matrix (ε < 0.4%), a linear increase of the resistance occurs. Then, the appearance of micro cracks in the matrix modifies the slopes of the resistance. At the sample breakage, the resistance reaches infinite. THOSTENSON and CHOU[START_REF] Thostenson | Real-time in situ sensing of damage evolution in advanced fiber composites using carbon nanotube networks[END_REF] previously observed that matrix cracks were responsible of disconnections in the CNT network and therefore the electrical response with the deformation. The resistance slope with strain is called the gauge factor:

Figure 45 :

 45 Figure 45: Schematic illustration of a setup device for a tensile test with an electrical acquisition of QRS. The different parameters studied are related to the mechanical solicitation (strain rate), the sample properties (Poisson ratio, fibres orientation), the acquisition device parameters (tension, frequency), and to environmental parameters (temperature, humidity).

Figure 46 :

 46 Figure 46: Mechanical behaviour of CF-EP samples and electrical behaviour of QRS deposited on the surface during tensile tests with reinforcement fibres orientation of (a) 0°, (b) 90° and (c) ± 45°. (d) Estimated strain of change of slope of the resistance of the QRS for various Poisson coefficient samples.
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 81154 Chapter IV: Evaluation of the effect of external parameters on the QRS electrical behaviour during Mechanical testing Poisson ratio on the electrical behaviour of the sensors. This change of behaviour with the Poisson ratio can be related to the change of CNT network deformation due to the transverse deformation. An increase of the Poisson ratio favours a negative transverse deformation, which will bring the CNT closer and therefore the formation of the network and the resulting drop of resistance. Nevertheless, in addition to the Poisson ratio, the Young Modulus and the fracture stress of the sample are also affected by the orientation of the reinforcement fibres as shown in Table 4. To determine if those two last properties have an impact on the electrical behaviour of the QRS and specifically on the strain where the change of slope occurs, GF-EP samples were also used for comparison. The mechanical properties of GF-EP, shown in Table 4, for both the YOUNG Modulus and the stress, are about four times lower in a 0° orientation and with about a forty percent decrease at ± 45° in comparison with the CF-EP. Nevertheless, the electrical behaviour of the QRS put on a GF-EP sample is in good agreement with that observed with CF-EP samples and displays similar changes of slope depending on the orientation of the fibres as shown in the Figure 46.d. A clear increase of the change of slope with the Poisson ratio is visible, while the mechanical properties have little impact on both the Poisson ratio and the change of slope. Therefore, the Poisson ratio can be defined as the main parameter driving the electrical behaviour of the QRS.
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Figure 47 :

 47 Figure47: Evolution of both mechanical behaviour of CF-EP samples and electrical behaviour of QRS deposited on the surface during cycling of increasing amplitude in three points bending tests with the orientation of reinforcement fibres, i.e., at (a) 0° and (b) ± 45°. (c) In the case of a 0° orientation of fibres, the evolution of the parameters with the number of bending cycle is almost linear. (d) In case of a ± 45° orientation of fibres, the evolution of strain at the end of the initial plateau of resistance with the final strain of the previous cycle is exponential.
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Figure 49 :

 49 Figure49 :(a) Variation of the Ar (%) of the QRS with the applied strain (%) for various strain rates. (b) Variation of the GF of the QRS and the Young's modulus (GPa) of the CF-EP sample with the strain rate at a 0.1 % strain variation in the middle of the sample in a three points bending test.

Figure 50 :

 50 Figure 50 : Variation of the resistance during 10 strain cycles between 0.01 and 0.11 % at a 10 -1 %.s -1 strain rate (0.5 Hz) for various input tensions and a frequencies of acquisition of (a) 10 Hz and (b) 200 Hz. (c) Evolution of the resistance response for various input tensions during cycling triangular deformation at 4 %.s -1 (20 Hz) and 200 Hz frequency acquisition.

Figure 51 :

 51 Figure 51: (a) Joint evolution of resistance and humidity after 8 hours incremental humidity plateaux in an environmental oven at 23 °C. (b) Drift in QRS response with increasing relative humidity levels at 23 °C.

Figure 51 . 7 %

 517 b. The chemoresponse displays an exponential increase with the humidity both for the instantaneous response and after the 8 hours of humidity plateau as expected from the LHC model. TRIGWELL et al.[START_REF] Trigwell | Multifunctional Carbon Nanotube Coatings Used as Strain Sensors for Composite Tanks[END_REF] obtained a similar trend with a total increase of the CNT film about 7.between 2 and 75 % RH. While GAO et al.[START_REF] Gao | Glass Fibers with Carbon Nanotube Networks as Multifunctional Sensors[END_REF] also observed an exponential increase of the resistance with humidity of a fuzzy fibre in an epoxy resin, the overall increase of resistance was close to 40 % between 20 and 80 % RH. The use of QRS with CNT dispersed in the resin could thus reduce the sensitivity of the sensor to humidity compared to fuzzy fibres. Finally, based on the exponential fittings display in Figure51.b, the precision of Chapter IV: Evaluation of the effect of external parameters on the QRS electrical behaviour during Mechanical testing ___________________________________________________________________________ 89/154 measurement, calculated with the maximum interval between the instantaneous and 8 hours responses, is 3.3 % RH for 1.99 % of change of resistance at 23 °C. Thus, QRS has potential to be used as humidity sensor. The chemo-resistive behaviour of QRS has well been modelled

Figure 52 :

 52 Figure 52: (a) Evolution of the relative resistance change Ar of EP-2CNT at 50 % RH with incremental temperature isotherms at 25 °C and 45, 65 and 85 °C. (b) Comparison of the average variation of resistance with the temperature reported in [212,234,340]. Evolution of Ar at 50 % RH with temperature during (c) cycles 1, 2, & 3 and (d) cycles 4, 5, & 6 obtained with the program described in (a). (e) Evolution of resistance change at a 50 % RH during cycles 7 & 8. (f) Non-isothermal evolution of both Ar and CTE of EP-2CNT.
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  Chapter IV: Evaluation of the effect of external parameters on the QRS electrical behaviour during Mechanical testing ___________________________________________________________________________ 93/154 necessary to allow the proper reagglomeration of CNT is too short. Contrarily, above 120 °C,

Figure 53 .

 53 a summarises the changes of YOUNG's Modulus of the composite sample and the corresponding changes of gauge factor (GF) of the QRS for temperatures ranging from -30 to 80°C. A significant loss of YOUNG'S Modulus E of 27 % is observed when the temperature is raised from -30 to 80 °C. Such temperature dependency of E is classical with polymers softening when approaching their Development of self-sensing structural composites parts for wind mill blades monitoring Antoine Lemartinel 2017 Chapter IV: Evaluation of the effect of external parameters on the QRS electrical behaviour during Mechanical testing ___________________________________________________________________________ 94/154

Figure 53 :

 53 Figure 53 : (a) Evolution of the gauge factor of a CNT-EP QRS and of the Young's Modulus of the GF-EP substrate with temperature. (b) Variation of the normalised storage modulus and tan δ of the GF-EP sample, and corresponding resistance evolution of a CNT-EP QRS with temperature at 50 % RH during a 1 Hz DMA experiment. To further examine the electrical performances of QRS deposited on the surface of GF-EP samples, during mechanical solicitations, they were analysed by DMA at a frequency of 1 Hz and a temperature scanning speed of 4 °C.min -1 . Figure 53.b represents the change of storage modulus E' and tan δ of the sample during a temperature sweep from 22 to 130 °C, and the corresponding change of resistance of the sensor. Between 22 °C and 80 °C, a first decrease of 15 % of the initial Young's Modulus is observed followed by a second drop of 62 %

___________________________________________________________________________ 96 / 154 Figure 54

 9615454 Figure 54.a-d shows a magnification of the resistance change displayed in Figure 53.b at the temperature of 22.5 °C, 50 °C, 80 °C, and 120 °C during the dynamic test. Interestingly, it can

Figure 54 :

 54 Figure 54 : Variation of the electrical response of the sensor at 50 % RH during a 1 Hz DMA test magnified at (a) 22.5 °C, (b) 50 °C, (c) 80 °C, and (d) 120 °C. (e) Evolution of the amplitude of Ar (%) with the temperature.
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Figure 55 :

 55 Figure 55: (a) Modelling of the stress distribution on the wind turbine blade during a flexural test. The main stress concentrations are localised at the root of the blade [364]. (b) Main elements of a wind turbine blade [56].

Figure 57 :

 57 Figure 57: (a) Static 3 points bending mechanical behaviour of a CFRP composite with and without embedded QRS displaying equivalent behaviour. Fracture profile below the central span (b) with and (c) without embedded QRS. The red line represents the fracture path.

Figure 58 :

 58 Figure 58: (a) Scheme of the CFRP sample with QRS embedded below the surface and in the neutral axis region. (b) Representation of the 3 points bending experiments with the QRS placed in the tension region.

Figure 59 .Figure 59 :

 5959 Figure 59: Electrical behaviour of QRS located at four different spots in the 0°/90° CFEP sample, below the central span, or in the middle along the side of the sample, and one ply below the surface or close to the neutral axis. (a) Normalised Ar of the four QRS with maximal strain below the central span during static three points bending. (b) Magnification of the 2.1 and 2.2 QRS related curves. Modelling of the strain field during the three points bending experiment at (c) initial state and (d) during the bending.

Figure 60 .Figure 60 :

 6060 Figure 60: Electrical behaviour of four QRS located at four different spots in the CFRP sample, below the central span, or in the middle along the side of the sample, and one ply below the surface or close to the neutral axis. (a) Normalised Ar of the four QRS with strain during 30 cycles of elastic dynamic three points bending. (b) Representation of the electrical response with time. (c) Electrical behaviour of one QRS located in the compression or traction side during a three points bending dynamic measurement. (d) Representation of the electrical response with time.

Figure 61 :

 61 Figure 61: Strain measured with FBG sensors in the CFEP laminate during static and dynamic experiments. (a) Static three points bending with four FBG in the maximal compression ply and four FBG near the neutral axis of the sample. (b) 30 cycles in dynamic three points bending with four FBG in the maximal compression ply.
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Figure 62 :

 62 Figure 62: Electrical behaviour of QRS and mechanical behaviour of 0° and ± 45° CFEP samples during three point bending fatigue testing between 5 and 50 % of the ultimate flexural strength. Comparison at the beginning and after 340 000 cycles for (a) 0° UD and (b) ± 45° samples. Signal envelope along the 340 000 cycles for both electrical and mechanical signals for (c) 0° UD and (d) ± 45° samples.
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Figure 63 :

 63 Figure 63: Dynamic deformation of a CFRP samples with four QRS located below the central span (identification X0), or in the middle along the side of the sample (X1/4), and one ply below the surface (Z0) or close to the neutral axis (Z-1.2). (a) Pattern of the applied alternating strain stages including the low strain references plateaux. (b) Average value of the QRS and FBG during the four increasing steps (ε 1 to ε 4 ). The scale bars represent the amplitude of the dynamic response. (c) Average value of the QRS and FBG during the reference strain plateaux. The scale bars represent the amplitude of the dynamic response.

Figure 63 .

 63 Figure 63.b shows the average value of QRS and FBG responses during the increasing cycling steps and the scale bars correspond to the total amplitude of the signal. One can notice, as expected and observed previously that the QRS display an equivalent behaviour as for the static deformation where the increase of Ar depends on the location of the QRS. Both the average Ar and the Ar amplitude increase moving on the one hand from the neutral axis to the tensile side, and on the other hand from the side of the span, to below the central span, i.e. A R QRS#1.2 > A R QRS#1.1 >A R QRS#2.2 >A R QRS#2.1 .The amplitude of Ar is also nearly constant for all the steps as shown in Table8. It indicates that once a strain level, being above the elastic limit, is obtained, smaller mechanical solicitations do not deteriorate the sample and the

Figure 64 :

 64 Figure 64: Acoustic emission measurements during the above and below elastic limit cycling. (a) Counts amplitude, (b) cumulative counts, and (c) number of hits with time.

Figure 65 :

 65 Figure 65: Mass and energy map of various projectile including birds (orange line) and atmospheric precipitation (blue and black line area). Representative beads of varying mass and diameters were used to simulate external projectile during impact measurements (dark green areas).

Figure 66 :

 66 Figure 66: Impact tests with a spherical indent on the GFEP sample equipped with 6 QRS. (a) Position of the QRS in the compression QRS#1.1 and #1.2, tension sides QRS#3.1 and #3.2, neutral axis QRS#2.1 and #2.2, and below the bead QRS#X.2 or on the side of the sample QRS#X.1. (b) Typical electrical and load response of the 6 QRS during a 0.31 J impact (induced by the 26 mm diameter bead). (c) Maximum change of resistance of the 6 QRS with the initial bead energy for low energy (non-damaging) impacts.
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 1 2 ms. The amplitude of the response also depends on the location of the sensor. Indeed, three QRS show a negative change of resistance, #1.1, #1.2 and #2.2, one has neutral response, #2.1, and two have a positive change of resistance #3.1 and #3.2. Those responses are expected since QRS #1.1 and #1.2 are in the compressed side, 2.1 is in the neutral axis, and 3.1 and 3.2 are in the tension subjected side. Though #2.2 is in the neutral axis, the negative change of resistance suggests that the QRS was actually under compression due to a local sample thickness decrease below the bead. This additional local thickness decrease of the sample also matches with the non-symmetrical response of the QRS #1.2 and #3.2 in the compression and tractionsides respectively. In addition QRS #1.2 and #3.2 which are positioned below the impact, exhibit a maximum change of resistance about 6 time higher than the QRS #1.1 and #3.aside of the sample). This observation matches with the expected undergone strain upon the impact. The influence of the location on the maximal change of resistance is clearly illustrated in Figure66.c. The maximum Ar is displayed as a function of the bead (low) impact energy and according to their location. For all sensors position, the maximum Ar changes linearly with the energy. This increase of Ar is in accordance with the grow of the stress implied by the impactor speed[START_REF] Belingardi | Low velocity impact tests of laminate glass-fiber-epoxy matrix composite material plates[END_REF]. One could thus notice that, if considering a mesh (or a network) of QRS sensors in a specific area subjected to impact, a neat description of the induced strain field is possible. Ideally, QRS could therefore be used to detect, localise and estimate the energy of an impact.

Figure 67 :

 67 Figure 67: Electrical and mechanical response of the QRS and the sample during a destructive 8.4 J impact with the 26 mm bead (955 g).

Figure 68 : 154 (marker 2 )V. 4 . 4 Figure 69 :

 6815424469 Figure 68: Transversal SEM observation of the 4.7 J impact sample. (a) Global view with the fracture coloured in red and the QRS films are coloured in yellow. Focus on (b) matrix cracking, fibre/matrix decohension and (c) transversal fibres cracking.In Figure67, after 3 ms (marker 2), a slight increase of load happens again. The breakage of the sample leads to singulars electrical behaviours of the QRS depending on their localisation.Simultaneously to the first increase of load, the QRS #3.2 has an infinite change of resistance, which corresponds to the fact that this QRS is in most damaged area of the sample. QRS #2.2 initially exhibits a resistance decrease as shown in Figure66.b, but 0.6 ms after the impact beginning, the infinite change of resistance corresponds to the break-up of a ply. QRS #3.2 also presents an infinite change of resistance, which happens at the same time of the sample breakage (marker 1). While this QRS is 1 cm away of the impact area, the shock wave may affect a larger area than the fracture zone and lead to local degradation of the sample. In the case of the QRS #1.2, unlike the previous responses, an initial positive Ar is displayed. The local degradations may overcome the compression effect. An infinite rise is also visible

Figure 70 .Figure 70 :

 7070 Figure 70: Evolution of the mechanical and electrical properties with the impact/fatigue sequence of (a) the sample and (b) the QRS. A similar behaviour is visible whatever the height of the drop. A first decrease of the Young Modulus occurs after the first impact. This loss increases with the drop height, from 4 % at 20 cm to above 25 % at 100 cm, which corresponds to the breakage of the first plies of the sample and therefore the QRS. After the first impact, a nearly linear decrease of the Young Modulus happens no matter the height until the first plies breakage. The Figure 70.b represents the evolution of the electrical behaviour of the QRS with the number of

Figure 71 :

 71 Figure 71: (a) FEM simulation of the strain before breakage during a tensile experiment of a CFEP sample with a hole in the middle. (b) Initial measured strain field with a digital image correlation system and (c) strain field at breakage. (d) Comparison of the maximal strain on the side of the hole (point origin 5 in (c)) and the average strain of the sample away from the hole (area at point origin 6 in (c)). (e) Electrical response of four QRS embedded in the sample at the positions 1-4 (full Ar scale). (f) Focus of (e) (Ar scale from 0 to 10 %)

  Because of the manufacturing steps and the drilling, QRS were positioned few millimetres away from the hole, as shown in Figure 71.b (points origin 1-4). During tensile test the electrical signals were recorded and the strain field was measured with digital image correlation (ARAMIS). The Figure 71.b&c display the initial strain field and right before the breakage of the sample. In Figure 71.d, the maximum strain around the hole (point 5) is

Figure 72 :

 72 Figure 72: Evaluation of the stress field in a lap joint test made by MAGALHÃES et al. [382]. (a) Schematic representation of the sample with the studied planes. (b) Peel and (c) shear stress in the different planes.

Figure 73 :

 73 Figure 73: (a) Schematic of the bonded parts, and the two configurations of QRS localisation in the bonded area of the joint. Change of resistance with the applied stress in the case of configuration (b) #1 and (c) #2.

  therefore to extend their range of application from in service use to the complete structure life monitoring, the chapter III focuses on the electrical behaviour of QRS during the curing of the sensor's matrix. The curing characteristics of the neat resin have first been determined during isothermal curing. In order to study the effect of the temperature and the matrix crosslinking during the curing on the QRS change of resistance, the sensor has been submitted to isothermal curing with and without crosslinking. Without crosslinking, the electrical behaviour was found similar to that of nano-carbon filled thermoplastics during isothermal treatment. Indeed, the increase of temperature favours the "Dynamic percolation", i.e. the agglomeration of CNT. When the matrix is cross-linked, the electrical resistance is decreasing faster due to volume exclusion induced by the chemical reaction. The increased viscosity impedes this behaviour. Finally, based on the QRS electrical behaviour and the calorimetric study of the neat resin crosslinking degree during isothermal curing, a correlation between the change of resistance and the curing degree has been suggested. To further demonstrate this ability, QRS were used as a probe during a complex curing cycle. The decrease of electrical resistance has evidenced the different curing steps. Later on, once cured, QRS electrical characteristics were found to be affected by the crosslinking degree during mechanical testing. Thus, QRS demonstrated their ability to probe and estimate the crosslinking degree in the core of epoxy based composite. Therefore, the QRS range of application could be extended to the monitoring of the complete composites life, i.e. from manufacturing to final breakage.

  composite sample. The impact tests have shown that the QRS had an instantaneous response towards a punctual event and that they could detect from undamaging to destructive impacts. Therefore, monitoring the electrical response of the QRS during the repetition of impacts indicates the change of the mechanical properties of the sample. Finally, in a complex strain and stress field, like around a hole or in lap joint, the use of QRS can provide pertinent in situ measurements.Compared to others SHM technics like strain gauges, FBG or AE, QRS present the ability to be embedded in the core of the structure and be sensitive to damage and strain. Nevertheless, the precision of QRS at their present state of development is still below current industrial technics because the robustness of signals and the absence of noise were privileged against sensitivity. Moreover, although no effect on the static mechanical properties was observed upon the incorporation of QRS in the core of composites during thousand cycles, the long term in service properties has to be stated, i.e. over several years. Several challenges and areas of research are still remaining providing a large potential for future improvement.
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Table 1 :

 1 Comparison of the curing parameters with the literature.

	Reference	n	m	E 1 (kJ.mol -1 )	E 2 (kJ.mol -1 )	A 1 (s -1 )	A 2 (s -1 )
	Present study	2.0-2.3	0.5	3.8 10 1	8.8 10 1	2.9 10 2	9.7 10 9
	[314]	1.5-1.9	0.6-0.8	1.6 10 2	6.3 10 1	1.3 10 14	3.0 10 4
	[319]	2	1	6.9 10 1	7.3 10 1	1.3 10 5	2.1 10 7

Table 2 :

 2 Evolution of the onset time for the start of resistance decrease and the resistance loss at 4000 s of the EP-2CNT sensor, with and without crosslinking.

	Isothermal curing temperature (°C)	40	60	80	120
	Onset time of	Without crosslinking	400	260	100	30
	percolation (s)	With crosslinking	160	100	70	15
	Ratio	Without crosslinking	4.6 10 -2 2.7 10 -2 4.0 10 -3 7.9 10 -4
	R t=4000s /R t=0s					

Table 3 :

 3 Fitting parameters of the resistance evolution with the crosslinking degree for the four isothermal curing.

	Boltzmann parameters	40	60	80	120
	A	0.3377	0.2190	0.0063	0.0008
	B	2328	2332	1	1
	C	-64.5	-27.1	11.7	17.1
	D	8.06	3.67	3.93	7.06
	R²	0.986	0.983	0.997	0.999

Table 4 :

 4 Tensile mechanical properties of CF-EP and GF-EP samples determined by the standard ISO 527 for the 0° and 90 ° samples and the standard ISO 14129 for the ± 45° samples.

	Sample	Fibres	E	σ axial	σ shear 5 %	ε axial	Poisson ratio
			orientation	(GPa)	(MPa)	(MPa)	(%)	
	Carbon	Fibre Epoxy	0° 90° ± 45°	143.6 ± 5.9 2034 ± 95 8.2 ± 0.3 42 ± 7 3.6 ± 0.2 -	--57 ± 1	1.47 ± 0.06 0.49 ± 0.09 -	0.37 ± 0.04 0.021 ± 0.003 0.86 ± 0.02
	Glass Fibre	Epoxy	0° ± 45°	37.1 ± 2.7 2.3 ± 0.1	598 ± 18 -	-40 ± 1	1.56 ± 0.06 -	0.25 ± 0.05 0.80 ± 0.03

Table 5 :

 5 Three points bending mechanical properties of CF-EP samples determined by the standard NF EN ISO 14125 for 0° and ± 45° samples.

	Fibres orientation	E (GPa)	σ max (MPa)	ε σmax (%)
	0°	107.5 ± 0.9	1058 ± 48	1.00 ± 0.04
	± 45°	13.3 ± 0.1	156 ± 3	2.70 ± 0.21

Table 6 :

 6 Resistance variation of QRS during one hour isotherms.

	Cycle	1		2		3		4		5		6	
	Temperature	25.9 ±	46.5 ±	26.3 ±	66.4 ±	26.2 ±	86.5 ±	26.3 ±	46.6 ±	26.3 ±	66.4±	26.3 ±	86.5 ±
	(°C)	0.2	0.2	0.1	0.1	0.1	0.1	0.1	0.1	0.1	0.1	0.1	0.1
	Ar (%)	-0.07 ±	-0.67	-0.13 ±	-1.07 ±	-0.19 ±	-2.24 ±	-0.34 ±	-0.89 ±	-0.33 ±	-1.07 ±	-0.24 ±	-2.27 ±
		0.03	±0.01	0.01	0.04	0.04	0.03	0.01	0.01	0.01	0.02	0.01	0.02

Table 7 :

 7 Mechanical properties of a (0/90°) CFRP composite with and without embedded QRS in static three points bending, according to the standard NF EN ISO 14125.

		Young Modulus	Failure Stress	Failure strain
		(GPa)	(MPa)	(%)
	Pristine CFRP	52.1 ± 1.8	669 ± 27	1.42 ± 0.06
	CFRP with	51.5 ± 2.1	629 ± 61	1.34 ± 0.11
	embedded QRS			
	V			

.3 Electrical behaviour of QRS being embedded through the thickness of the CFEP laminate during 3 points bending test

  

Table 8 :

 8 QRS electrical amplitude responses during the alternating cycling steps. For all QRS, the first two reference steps (ε 1 , ε 1-2 ) give equal responses. For the consecutive reference steps (ε 1-3 , ε 1-4 ), a residual Ar is visible for all QRS and is larger in the tensile side and below the central span. CHOWDHURY et al.[START_REF] Nag-Chowdhury | Non-intrusive health monitoring of infused composites with embedded carbon quantum piezo-resistive sensors[END_REF] reported a similar electrical behaviour in the case of increasing static tensile cycles. The residual strain was explained by the formation and propagation of cracks in the material. In sake of clarity, let us now consider only QRS#1.2, since it is located in the critical (more damaged) region and shows the highest

	Step	QRS#1.2	QRS#1.1	QRS#2.2	QRS#2.1
	ε 1	0.070	0.072	0.019	0.008
	ε 2	0.075	0.072	0.015	0.011
	ε 1-2	0.072	0.067	0.019	0.008
	ε 3	0.096	0.082	0.012	0.014
	ε 1-3	0.067	0.082	0.017	0.007
	ε 4	0.080	0.79	0.044	0.015
	ε 1-4	0.064	0.095	0.017	0.010
	Let us now consider Figure 63.c which exhibits the QRS response during the reference
	cycling (or rest) steps; reminding that the scale bars correspond to the total amplitude of the
	signal. Ar value.				

Table 9 :

 9 CFEP mechanical properties during the tensile test with a drilled hole in the middle of the sample.
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IV.3 Effect of the input tension and the frequency of acquisition on the electrical behaviour of QRS

In a conductive nano composite in which a CNT percolated network is structured, the global resistance is the sum of the intrinsic resistance of CNT, which is negligible and of the tunnelling resistance between two successive CNT, which depends on these junctions' characteristics such as the amplitude and chemical nature of the gap [START_REF] Gong | Carbon nanotube agglomeration effect on piezoresistivity of polymer nanocomposites[END_REF][START_REF] Feller | Polymer -carbon nanotube conductive nanocomposites for sensing[END_REF]. While tunnelling resistance has a primary role in the piezo-resistive behaviour of CNT based sensors [START_REF] Hu | Investigation on sensitivity of a polymer/carbon nanotube composite strain sensor[END_REF], the frequency of the alternative current and the value of the applied potential can be adjusted in order to detect and evaluate specific events, from static deformation to high velocity impacts. In the aim of studying the effect of the frequency on the electrical behaviour of CNT-epoxy sensors, VERTUCCIO et al. [START_REF] Vertuccio | Piezoresistive properties of resin reinforced with carbon nanotubes for health-monitoring of aircraft primary structures[END_REF] have used 0.3 wt % CNT filled epoxy. The authors have found that compared to DC measurements with an initial low value of GF = 0.43, it could be increased with the frequency of up to 40 % at 1 MHz. They attributed this improvement to a synergy between capacitive and resistive effects coexisting in an insulating matrix filled with conductive particles. In addition to the effect of the frequency, that of the input tension varied from 0.5 to 30 V on the electrical response of QRS, has been studied at a fixed strain rate (𝜀̇= 10 -1 %.s -1 ) during 10 strain cycles. Figure 50.a&b shows that at 10 Hz no effect of the input tension on the electrical response of the QRS is visible. On the contrary at 200 Hz, the amplitude of the noise is considerably reduced, from 0.17 to 0.008 %, when the applied tension is increased from 0.5 to 30 V respectively. As the regular initial resistance of that kind of sensor is above 10 kΩ, this noise might result from the sensor sensitivity to ambient electromagnetic signals. Figure 50.c shows that by increasing the tension, the signals'

noise at 𝜀̇=4 %.s -1 decreases, the curves' shape gets closer to a triangle shape, and the noise's amplitude decreases from 0.5 % at 0.5 V to 0.3 % at 30 V. Other common solutions to remove the signal's noise, can be to encapsulate the sensor to ensure its electromagnetic shielding, or to treat the signals; but these solutions might introduce additional defects in the structure or cause some information lose in the signal. Therefore, adjusting the input tension can be a convenient way to reduce the environmental noise without disturbing the quality of signals. In order to investigate on the effect of the embedded QRS on the mechanical performance of the CFRP sample, static 3 points bending experiments were realized with the QRS embedded in the core of the sample, and also without QRS, as a reference. The mechanical results are presented in Figure 57. Both curves present a similar behaviour with, first, a linear increase of stress with strain up to 0.5 %, i.e. in the elastic domain, followed by a slight reduction of the slope due to the initiation of cracks at the 90° fibres interfaces and their propagation in matrix.

Finally both curves reached the final failure around 1.4 % strain [START_REF] Chou | Microstructural Design of Fiber Composites[END_REF]. The resulting mechanical properties, gathered in Table 7, are in agreement with literature data regarding the pristine 0/90° carbon fibre epoxy composite [START_REF] Corum | BASIC PROPERTIES OF REFERENCE CROSSPLY CARBON-FIBER COMPOSITE[END_REF][START_REF] Morioka | Effect of lay-up sequences on mechanical properties and fracture behavior of CFRP laminate composites[END_REF]. In addition, the introduction of QRS modifies the modulus, failure stress and failure strain by 1.2, 6.0 and 5.6 % respectively. The integration of the QRS thus did not seem to be detrimental for the mechanical properties of the composite part.

The regions where the failure took place were observed by SEM as shown in Figure 57.b-c.

One could notice that the initiation of the failure occurred on both sides of the sample and propagates through the thickness while delaminations were visible and parallel to the fabric plane. Such behaviour is expected for 0/90° composite under bending solicitation [START_REF] Morioka | Effect of lay-up sequences on mechanical properties and fracture behavior of CFRP laminate composites[END_REF]. The embedded QRS samples did not induce additional delamination or failure compared to the pristine CFRP, confirming that the mechanical properties are not impacted by the introduction of QRS.

Chapter VI: General conclusion ___________________________________________________________________________ 130/154 fibres reinforced epoxy (CFEP), the carbon fibre's intrinsic resistance is used to monitor both the structure strain and damages. For instance, the presence of delamination, fibre's fracture is detected, and a technique to locate defects is proved to be efficient. However, this solution seems limited to intrinsically conductive materials, and some detection limitation caused by the fibre's orientations may also occur. In the case of non-conductive composite (reinforced by glass for instance), different strategies are proposed in the literature, all based on filling the polymer matrix with conductive nano particles, mainly CNT. The addition of CNT into an epoxy matrix leads to an insulator to conductor transition, called the percolation threshold.

The percolation threshold is affected by various parameters including the CNT dispersion level, the type of CNT, their surface functionalization, their diameter, length and morphology.

Various strategies are proposed in the literature using CNT systems. The first one, relying on Bucky papers (BP) glued on the surface or in the core of composite, succeeds in measuring strain and detecting damage in electrically insulating composites. However, the porous nature of BP that do not include any matrix, may lead to the formation of a weak area in the composite able to initiate the degradation of the structural properties. To overcome the drop of mechanical properties resulting from the lack of resin in the CNT network, the second strategy is using an epoxy matrix filled with nanotubes able to detect strain, damage and to locate the initiated defects. The last strategy consists in coating a fibre with nano fillers prior to incorporating it into the matrix. In addition to the matrix reinforcement, the coated fibre is found to be sensitive to the deformation direction. Additionally, it can be expected that future self-sensing materials will include various nano carbon fillers such as CNP, CNT, or graphene to reach a synergistic effect that could enhance the sensitivity of the resulting nano composite.

Although all those strategies provided promising self-sensing materials for SHM, the upscaling of their manufacturing is still problematic, and the influence of environmental parameters such as moisture and temperature, still need to be studied. In order to develop a sensing element that could be added on the surface or embedded in the core of a composite structure, the Smart Plastics Group has chosen to develop QRS made of a CNT filled epoxy system with customable dimensions. Following the previous studies made in IRDL, this thesis focuses on three key points.

The first concerns the curing of the composite structure. The integration of QRS into the laminate has to be done during the stacking sequence, prior to the curing cycle. The QRS is thus submitted to the same curing cycle as the composite and consequently its electrical properties are affected. To study the potential performances of QRS used for process Multiwall carbon nanotubes (NC-7000 MWCNT) were provided by Nanocyl (Belgium). This grade corresponds to MWCNT with an average diameter of 9.5 nm and a mean length 1.5 µm.

Epolam 2020 epoxy resin and amine hardener were purchased from Axson, France.

Chloroform (99 %) was purchased from Sigma-Aldrich (France), Taffetas E-glass fibre (0°/90°, 165 gm.m -2 ) from Gazechim France, and the carbon fibre epoxy HexPly® M79/34% was provided by Hexcel.

VII.2.2

Fabrication and integration of the QRS: °C/h temperature rate. The integration of the supported QRS film was then made during the stacking sequence of the composite followed by the curing cycle of the laminate.

For the curing monitoring experiments, samples were placed in a temperature controlled oven at 4 different temperatures (40, 60, 80 and 120 °C) for at least 3 hours. In the case of the crosslinking is avoided the amount of hardener has been replaced by the same amount of epoxy.

The connexions to the QRS were made with silver ink added prior to the spray.

VII.2.3 Characterisation technics:

DSC measurements were performed with a NETZSCH DSC 204 F1 Phoenix. Measurements were performed under nitrogen flow (40 mL/min) from room temperature to the isothermal temperature, at 10°C/min. After the isothermal curing, samples were subjected to a ramp from -20 to 250°C at10°C/min to confirm the samples crosslinking degree. The degree of cure is estimated as followed: Where α is the degree of crosslinking, ΔH T is the total enthalpy released by a reference sample and ΔH(t) is the enthalpy of the reaction released until the time t.

The reference sample was subjected to an isothermal curing from -20 to 250 °C followed by the second ramp. For the determination of the crosslinking degree during the complex curing cycle, a measure was performed at each start and end of isothermal temperature of the cycle.

Electrical measurement for the curing monitoring was performed by a Keithley 6517 multimeter with a 1 V tension, and each measure was every 5 to 60 seconds. The multimeter was controlled with a Lab-View software program. For the mechanical experiments, a HBM's

QuantumX MX 840A was used and the frequency measurement was in the range of 10 to 4800 Hz.

An Instron 5566 and a servo-hydraulic Instron 8800 were used to perform static tensile experiments. Deformations were measured using a 25 mm extensometer, at a crosshead speed of 1 mm/min. Different types of solicitation in displacement control mode were set on the tensile test machine to investigate the sensitivity and reproducibility of the sensors.

Experiments were performed at ambient temperature (23°C) and relative humidity (48%).

An Instron Electropuls E10000 and a Dynamic Mechanical Analyzer (DMA) Mettler Toledo were used to perform the dynamic experiments.

The apparatus JEOL JSM-6031F was used for Scanning Electron Microscope measures.

Impact tests were performed on an Instron Datup 8250 drop-weight impact testing machine.

The humidity and temperature tensile test were performed with a SECASI environmental chamber WKL.

The strain field evaluation and corresponding full field strain images were acquired by the online video monitoring system ARAMIS.

Chapter 

ABSTRACT

The growing demands for electrical energy, especially renewable, is boosting the development of wind turbines equipped with longer composite blades. To reduce the maintenance cost of such huge composite parts, the structural health monitoring (SHM) is an approach to anticipate and/or follow the structural behaviour along time. To do so, a proper instrumentation is necessary and has to be as less intrusive as possible. To this end, the