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Background of the study

In the context of booming air traffic and increasing energy and environmental demands, measures regarding the aeronautic industry are required. In 2018, more than 11 million flights were registered, corresponding to ≈ 30,000 fights per day 1,2 . Moreover, CO 2 emissions increased from 2% to 4% between 1990 and 20041 . The ACARE (Advisory Council for Aeronautics Research in Europe) predicted 25 million flights per year for 2050. Therefore, a roadmap with ambitious objectives was established by ACARE, in cooperation with the aeronautics industry, to design new aircrafts and jet engines that pollute less, so that CO 2 emissions per passenger kilometer will be reduced by 75%, the NO x emissions by 90% and the perceived noise by 65% in 2050 [1].

The reduction of the environmental impact of aircrafts will be achieved through lower fuel burn and reduced engine noise. These issues lead SAFRAN Group to develop improved airplane components and engines, such as LEAP (Leading Edge Aviation Propulsion) commercialised by CFM International3 since 2016 and future generations (Figure 1). To achieve an "ultimate green" engine, the decrease of fuel consumption, the improvement of engine efficiency and the reduction of airplane weight while maintaining the safety are
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required. Several propositions are studied to improve each part of aircraft engines (Figure 2). Among them, the use of advanced materials such as composites, which have high specific properties, is intensively investigated. Organic Matrix Composites (OMCs) that are currently introduced in cold areas, such as nacelles components, engine fans (LEAP) and the fuselage, lead to significant reduction of fuel consumption, in accordance with ACARE objectives. The next step for reducing the environmental impact of engines can be achieved by focusing on the hot areas of these components and in particular by increasing the engine thermal efficiency (i.e., increased temperatures and pressure cycles) and the dilution ratio, which induces engines with larger diameters and higher weights, if metallic solutions were considered [4]. Consequently, technologies providing weight savings are of primary importance. A serious alternative to the Ni-based superalloys currently used in the turbine and exhaust sections of turbofan engines are Ceramic Matrix Composites (CMCs), especially 3D-woven and dense SiC/SiC composites [5].

Compared to the metallic solutions, CMCs exhibit better specific mechanical properties and higher resistance to temperatures. Thus, these materials will deliver weight savings in the range of 30 to 40% compared to similar metallic designs [3]. These advantages are interesting for engine manufacturers such as SAFRAN Ceramics and SAFRAN Aircraft Engines, since it could enable for higher operating temperatures and increased efficiency, and as a consequence decreased fuel consumption. In addition, the implementation of components made of CMCs in turbofan engines in service [4], such as combustion liners, engine exhaust systems, fixation components and low-pressure turbine blades (Figure 3), showed the feasibility of their integration in aircraft engines. However, several challenges remain for using CMCs for structural components in extreme environments. Firstly, the material architecture (i.e., weaving) strongly affects the mechanical behaviour of the components regarding damage tolerance, the behaviour under multiaxial loading and the impact resistance [8,9]. Secondly, such heterogeneous material implies different scales to analyse and model its mechanical behaviour. Thirdly, CMCs are sensitive to thermal and physicochemical environments, causing oxidation, ageing and creep [10].

The last point is in particular critical for SAFRAN Ceramics, since the components envisioned for the next generation of engines are intended to be the high-pressure turbine, such as blades and shroud, as shown in Figure 4.

FIGURE 4: Current developments at SAFRAN Ceramics for CMC components (adapted from [11]).

In environments such as high-pressure turbines, these components undergo extreme thermomechanical loadings coupled with severe physicochemical phenomena. A shroud segment, schematically represented in Figure 5, is subjected to 3D thermal loadings of two origins, namely the difference of temperatures between the outer flux (≈ 700°C) and inner flux (≈ 1,300°C) and the radiation of the rotating blade.
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FIGURE 5: Schematic view of a shround segment under 3D thermal loading (adapted from [11]).

Moreover, mechanical incompatibilities occur, caused by the difference of thermal expansion between the CMC material and the metallic components (e.g., casing) in which the composites are integrated. Lastly, the corrosive environment due to the presence of oxidising species (i.e., air and combustion gas) leads to physicochemical reactions that may degrade the component surface and thermomechanical behaviour of the material, which may impair the component lifetime.

Therefore, to improve the thermal resistance of the components and reduce the impact of physicochemical environment, Environmental Barrier Coatings (EBCs) [10], made of rareearth elements, were developed by SAFRAN Ceramics for SiC/SiC composite components. EBC/CMC systems are one of the currently investigated solutions for components in highpressure turbines of aircraft engines, where temperatures are expected to be greater than 1,300°C. Therefore, it is necessary for SAFRAN Ceramics to understand and model the behaviour of SiC/SiC composites and coated SiC/SiC materials under complex and extreme environment.
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at SAFRAN Ceramics rely on point measurements acquired during the experiments. The use of partial measurements to calibrate the material properties enforces to assume a homogeneous and isotropic behaviour for the material and the application of perfect thermal and kinematic boundary conditions, which represent strong -and usually imperfect -assumptions. Therefore, full-field measurements are required to better assess the CMC response under 3D thermal loadings. However, such high-temperature environment induces challenges for accurate measurements of thermomechanical full-fields and for robust identification of material models.

Consequently, these issues call for the development of new procedures to assess the thermomechanical behaviour of CMC materials under extreme thermal and thermomechanical conditions representative of the aircraft engine environment, through the use of thermal and kinematic full-field measurements from multi-instrumented experiments and correlations between tests and Finite Element (FE) simulation, which constitute the objective of this work.

Objectives and outline of thesis

The first underlying question of this thesis is to define the characteristics and special features of performing high-temperature tests on CMCs using full-field measurements. To answer this question, the studied materials and their thermomechanical properties will be presented in Chapter 1, then a focus will be made on InfraRed Thermography (IRT) and Digital Image Correlation (DIC) that are the two in-situ characterisation methods used throughout the present work. Lastly, the challenges of performing DIC at high-temperatures will be highlighted, with a discussion of existing solutions proposed in the literature, their limits and the remaining challenges.

To perform FE model updating between measurements and computations, the first step is to establish the relationship between the 3D world (such as an FE model) and the 2D world of images (infrared and visible light images). These correlations are performed through the calibration of different cameras used for multi-instrumented experiments. Therefore, Chapter 2 will focus on calibration procedures of projection matrices for single and multiple camera systems. In particular, the framework of global stereoDIC will be presented, from stereorig calibration to 3D surface displacement measurements.

The third question regarding high-temperature tests is to assess the effect of elevated temperatures on the thermomechanical measurement quality and how detrimental it can be for their reliability, especially for identification purposes. These questions call for the analysis of the heat haze effect, which is one of the main challenges of imaging at high temperatures, and the assessment of measurement fluctuations. Chapter 3 will discuss these elements to evaluate in the end the thermal and kinematic covariance matrices on the measured spatiotemporal fields.

After the demonstration in Chapter 3 of the impairing effect of heat haze on kinematic measurements, Chapter 4 will detail and discuss several spatiotemporal regularisation strategies for DIC and stereoDIC developed during this work to measure the CMC "true" displacements. The effect of each of the developed approach on the measurement fluctuations will be studied for high-temperature experiments and the ability of measuring small displacements, which is required for CMCs, will be checked.

Lastly, Chapter 5 will address the identification of thermomechanical properties using fullfield measurements acquired in a noisy environment. This issue calls for identification procedures such as Finite Element Model Updating (FEMU) that use measured spatiotemporal
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temperatures and displacements and account for the uncertainties. This final step will be performed in a weighted FEMU-TU framework that benefits from each of the different results and procedures presented throughout the thesis, to enable for reliable identification of CMC properties at elevated temperatures.

Chapter 1

On performing high-temperature experiments on ceramic matrix composites

In this chapter, the fabrication process of the studied materials and their mechanical properties are presented. Then, the state of art on high-temperatures tests on CMCs is reviewed, with a brief introduction to the full-field thermomechanical measurements approaches that will be used throughout the study. Finally, the common issues induced by such critical environments are highlighted with a summary of the proposed solutions found in the literature and the remaining challenges. 

Ceramic matrix composite materials

3D-woven SiC/SiC composites exhibit several thermomechanical properties that are interesting for industrial applications such as gas turbine engines. Firstly, they have good inplane and through-thickness tensile strength, along with enhanced fracture thoughness, so that cracks propagation and delamination cracks are reduced [1,2]. Secondly, the materials exhibit a thermostructural capability up to 1,380°C and are thermally stable and creep resistant [3,4]. Thirdly, their thermal and thermomechanical properties (e.g., high thermal conductivity and low thermal expansion) are key for components in the hot parts of aircraft engines (e.g., blade shroud). Thus, such materials show an appropriate resistance in time, temperature and stress conditions, with an overall good corrosion and wear resistance [5].

Fabrication process of studied SiC/SiC composites

The studied ceramic matrix composite material is a CERASEP A600 SiC f /SiC m manufactured by SAFRAN Ceramics, whose properties and industrial applications are reported in Ref [6]. It is composed of a 3D woven fabric made of silicon carbide (SiC) fibres coated with a boron nitride interphase and a reinforcement of SiC obtained by Chemical Vapor Infiltration (CVI), and densified with a SiC-Si matrix by Slurry-cast then Melt-Infiltration (MI) to fill the porosities [5]. An overview of the main steps of the process from the SiC fibres to the final composite is presented hereafter.

The material is composed of continuous fibres made of polycristalline SiC referred to as Hi-Nicalon type S [7]. These fibres are provided by the manufacturer NGS Advanced Fibers TM [8] that is a joint-venture between Nippon Carbon, GE Aviation and SAFRAN Ceramics. They exhibit good mechanical properties, with a Young's modulus around 380 GPa and an Ultimate Tensile Strength around 2.6 GPa. In addition to their mechanical properties, the benefits of SiC fibres, compared to other types of fibres such as those made of carbon or oxide, are the simultaneous high oxidation resistance and high heat resistance [9]. In addition, as the crystallinity content increases, these resistances are enhanced, as shown in Figure 1.1. Yarns composed of 500 elementary SiC fibres are afterwards woven into a 3D-woven fabric (using a Jacquard loom) called a preform. Figure 1.3 shows on X-ray tomography of such mesostructure, where the warp and weft yarns are woven in-plane and through the thickness of the fabric. Their weaving allows the out-of-plane properties to be improved [1,2,13], so that the material exhibits higher impact resistance strength and delamination is limited [14] as opposed to standard laminates made of 2D woven fabrics. For this type of preform weaving (intensively studied in the literature [5,12,[15][16][17]), the composite was reported to have, in addition to the poor out-of-plane resistance strength, a reduced in-plane strength at the end of the plies [16], low through-thickness tensile strength, shear strength and thermal conductivity [12,17,18].

An interfacial coating of boron nitride (BN) is deposited by Chemical Vapor Deposition (CVD) around the yarns of the woven preform (for a thickness ranging between 0.1 to 1 µm).

The BN interphase has two positive effects for the CMC material. Firstly, a significant improvement of mechanical properties was reported [19], namely, an increase of the flexural strength from 95 MPa to 180 MPa and a thoughened fracture behaviour, which is related to a weaker interfacial bond that allows for more fibre pull-out. Secondly, the interphase protects the fibres from chemical attacks that occur during the next steps of the fabrication process such as matrix infiltration [19]. Furthermore, a heat treatment is usually applied on the coated preform that increases the mechanical properties. A study carried out by Udakuyamar et al. [20] on BN SiC/SiC composites highlighted the significant enhancement of the tensile strength (by a factor three and a half) and the fracture toughness, induced by a better interface quality that facilitates fibre debonding, crack bridging and pull-out, hence a higher durability for these CMC materials. The addition of the SiC matrix is then conducted by following several steps. Firstly, an interfacial coating of SiC matrix layer is applied through a gaseous route (by CVI) over the BN-SiC fibres [5]. The deposited SiC matrix has a coefficient of thermal expansion (CTE) close to that of the fibres, leading to lower residual stresses close to the fibres. Thanks to this step, a highly thermally conductive and creep-resistant matrix constituent is obtained. Moreover, the SiC m layer around the BN-SiC fibres offers an additional protection for the constituents for the next step of the fabrication process (i.e., the melt-infiltration). However, this CVI pre-densification of the SiC matrix induces a high content of porosity (i.e., greater than 30%).

Since it was reported that the porosities are the locations of crack initiation [21,22], which causes lower mechanical properties and premature failure, the matrix needs to be denser, which is achieved in the next step. A slurry-cast (i.e., an injection under pressure) of SiC particulates is performed, near room temperature, on the 3D-woven pre-densified composite positionned in a mould. With that step, a large amount of porosities are bridged, which improves the mechanical properties of the material [23]. The final step of the CMC fabrication process is the infiltration at ≈ 1,400°C of a molten metallic silicon alloy into any remaining porosities or shrinkage cracks that may occur during slurry-cast. This Melt-Infiltration (MI) triggers the bonding of the SiC particulates with little chemical reaction. The material is then slowly cooled to room temperature.

The processed CMC presents a low content of residual porosity, a high thermal conductivity and a satisfactory environmental protection of the fibres that ensures good mechanical properties [5]. In addition, the fibres are more creep resistant than the matrix, which will drive the composite response at high temperatures (in terms of creep behaviour and failure), in association with the fibre volume fraction [24,25]. Lastly, some authors [4,26] reported the presence at the end of this step of an excess of Silicon (of order 5 to 10% of volume fraction). This observation currently prevents the use of the BNMI-SiC/SiC composite material above 1,315°C, since Silicon melts at 1,400°C and will exude from the CMC component, thereby compromising the mechanical strength of the material.

Thermomechanical properties and temperature resistance

Although the fibre architecture was reported to modify the mechanical properties [17,27], both 2D and 3D BNMI-SiC/SiC composites exhibit a nonlinear stress-strain response with damage tolerance under tensile load at room temperature [15,22,28,29], as shown in Figure 1.5. The material ductility is induced by its tolerance to damage in the matrix, the interphase and the fibres (of enhanced fracture toughness) before the decrease of macroscopic properties and the final failure of the component. Four domains [4,15,30] can be hightlighted from Figure 1.5, depicted with dotted vertical lines. Domain no. I refers to the linear elastic domain of the composite whose apparent tensile modulus depends on the Young's modulus of each constituent and the fibre volume content. As the stress increases, matrix cracks develop in the composite and debonding between fibres and matrix occurs (which explain the high fracture toughness of such material), leading to a pseudoplastic behaviour of the CMC (nonlinear domain no. II). Once the matrix is saturated with cracks and the local fibres have debonded from the matrix, the stress is transferred to the fibres, so that domain no. III corresponds to the elastic response of the bridging fibres, until their brittle fracture causing the slight decrease in the stress-strain curve (domain no. IV) up to the final failure of the composite. The structural components involving CMCs are usually designed to operate in the linear regime of the stress-strain curve [31] (i.e., in domain no. I and for a maximum eigen strain less than 0.1% [4,31]). Thus, the significant damage tolerance of these materials highlights the benefit of their use for gas turbine engine parts in terms of sizing safety. Furthermore, the industrial requirement for good specific elastic properties is also one of the reasons for the use of MI-SiC/SiC composites instead of CVI-SiC/SIC materials, since the former were reported to have better mechanical properties in the operating regime, namely, higher Young's modulus and higher "yield" stress (Proportional Limit Stress) [32].

Moreover, mechanical fatigue resistance is required to use them in gas turbine engines since they undergo vibrations caused by rotating components and gas combustion. The cyclic response of these materials has been studied at room [33][34][35] and elevated temperatures [36,37] (Figure 1.6(a)). Furthermore, Evans et al. [29,34] evidenced the damage mechanisms related to the cyclic response of SiC/SiC composites, schematically shown in Figure 1.6(b).
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Stress (MPa) Strain (%) (a) (b) FIGURE 1.6: (a)
Stress-strain curve of a SiC/SiC composite under cyclic tensile loading [35] and (b) associated damage mechanisms [34].

Under cyclic tensile loading, the composite exhibits a decreasing apparent elastic modulus and residual strain at the end of each unloading (Figure 1.6(a)). In addition, large hysteresis loops are reported in the cyclic stress-strain curve of the material. These observations are related to the frictional dissipation at the interface between the fibre and the matrix (local shear stress), fibre pull-out, fibre/matrix debonding, causing the reduction of stress concentration around crack tips. Regarding the fatigue response, the shape of the stress-strain loop changes with the number of cycles as shown in Figure 1.7, with an increase of the loop area until its stabilisation after ca. 10,000 cycles [37]. In addition, an accumulation of residual strain with the number of cycles and a decrease in the apparent Young's modulus are observed for fatigue loadings [37,38]. Interfacial wear at the fibre/matrix interface was reported to be the predominant effect causing these observations [37][38][39] and needs to be modelled [40,41]. Damage accumulation is therefore possible thanks to these mechanisms. Furthermore, the existence of an intersection point was reported for the cyclic unloading curves [30,42,43] that was associated with residual (compressive) stress in the matrix related to crack closure [17,44], as shown in Figure 1.8. A damage scenario (Figure 1.9) was proposed to explain the mechanical response of the SiC/SiC composite [22,28,29,34,36,46] and intensively described by Morscher et al. [32,45,[47][48][49][50]. Since the matrix exhibits a lower failure strain compared to that of the fibres, matrix cracks called "tunnel cracks" are generated near the yarns in the transverse direction with respect to the loading axis. They are caused by the coalescence of microdebondings existing between the yarns and the matrix at the interphase under load. Tunnel cracking is responsible for ≈ 10% of the normalised cumulative Acoustic Emission (AE) energy [48], as shown in Figure 1.9. Then, the matrix cracks propagate from the transverse yarns to those in the longitudinal direction leading to long and macroscopic through-thickness matrix cracks. This mechanism induces the beginning of the nonlinear domain (no. II in Figure 1.5) with the decrease of the apparent Young's modulus. With the development of though-thickness matrix cracking, fibre bridging and pull-out occur, leading to local redistributions of stress and the increase of material toughness. Multiple cracking explains the increase of AE activity.

Then, the number and length of through-thickness matrix cracks increase until saturation, causing afterwards the failure of the longitudinal yarns. Finally, macro-cracks between the yarns occur causing the failure of the CMC.

Lastly, the SiC/SiC response under thermal conditions can be commented. Mall and Ryba [51] reported the effect of temperature on the stress-strain curve of BNMI-SiC/SiC composite, as shown in Figure 1.10. At elevated temperature, the mechanical response of the material degrades compared to that at room temperature. This observation is associated with the change in consitutent nature, hence the composite properties. The through-thickness matrix cracks that are generated as the stress rises and that may result in external macroscopic cracks correspond to preferential paths for the oxidant species such as oxygen O 2 and water H 2 O. Gauthier et al. [53] described the physicochemical reactions occuring at the BN interphase. Thanks to these matrix cracks, the diffusion of the oxidising species to the BN interphase is possible, causing the creation of boron trioxide B 2 O 3 . The BN interphase being consumed by this reaction, the SiC fibres become unprotected so that they react with the oxidant species to form silica SiO 2 . Then, both oxides can react to form borosilicate glass [54] that exhibits a brittle behaviour and considerably reduces the mechanical properties of the composite [55][56][57]. In addition, creep appears beyond 1,100°C [5,24,25,56] that is conditioned by the fibre composition and creep properties [24]. Zhu et al. [56] reported the decrease of time to creep rupture with increasing temperature (Figure 1.11(a)). Morscher et al. [25] discussed the effect of the environment (i.e., the presence of oxidising species) on the material creep behaviour, as shown in Figure 1.11(b). Consequently, the mechanical response of BNMI-SiC/SiC composites at elevated temperature results from the coupling between damage, temperature and environment (i.e., corrosion and oxidation).

Moreover, in extreme environmental conditions representative of gas turbine engines (i.e., at high temperature and in presence of gaseous flux and oxidant species), the surface of these CMCs were reported to oxidise, causing its recession and decrease of material durability [58,59]. These life-limiting issues depend on the water vapor pressure, gas velocity and temperatures. Therefore, Environmental Barrier Coatings (EBCs) were developed lately to act as an environmental protection [60][61][62][63][64]. Moreover, since the constitutive elements of the coating (made of rare-earth elements) exhibit low thermal conductivity, they also provide a thermal protection to the CMCs, so that the operating temperatures of industrial applications can exceed 1,300°C. The previously described mechanisms (creep, change in consitutents nature) and property decrease at elevated temperatures can be hindered thanks to EBCs. EBC/BNMI-SiC/SiC composite systems were recently studied [26,[65][66][67][68]. Appleby et al. [26] reported similar mechanical behaviour for EBC/CMC systems than for uncoated CMC (Figure 1.12) in the elastic domain with close stiffness. However, the coated CMC exhibited a higher Ultimate Tensile Strength and a nonlinear stage corresponding to damage accumulation in the system, which are through-thickness cracks, fibre bridging and sliding. Consequently, the authors showed that, thanks to the thermal protection provided by EBCs, the coated CMC mechanical response was that expected for an uncoated CMC tested at lower temperature. This observation is consistent with the thermomechanical stability of BNMI-SiC/SiC below 1,100°C [4] (i.e., with no creep) when no external matrix cracks are generated. The properties of the coated SiC/SiC composite that is partially studied in Chapter 3 are briefly reported in Ref. [69]. More thermophysicochemical characterisations of the same material system were conducted. The thermomechanical properties and damage mechanisms under 3D thermal loadings were extensively studied by Archer [66]. The behaviour of the system under an extreme physicochemical environment was analysed by Fernandez [67]. Lastly, the damage mechanisms under coupled high temperatures and physicochemical environment for technological components of aircraft engines were reported by Legin et al. [68].

To summarise, uncoated and coated BNMI-SiC/SiC composites exhibit high specific thermomechanical properties up to 1,100°C and 1,300°C, respectively. In the following study, no creep was observed for the uncoated samples, so that the maximum testing temperature was less than 1,300°C, without any decrease in the mechanical properties. The studied materials exhibit low strain levels (i.e., less than 1%) which makes it difficult to characterise them, especially at high temperatures. The next section will introduce the main characterisation techniques used for CMCs.

In-situ characterisation methods of CMC materials 1.2.1 Existing methods and limits

A brief review of common in-situ characterisation techniques for CMC materials is presented in this section. Damage monitoring is usually performed with Non-Destructive Evaluation (NDE) techniques to analyse the materials at different scales (i.e., microscopic, mesoscopic and macroscopic scales).

One of the widely-used instrumentations for composites is Acoustic Emission (AE) [49,[70][71][72] that belongs to the indirect methods of damage quantification. It is deployed for macroscopic samples and aims to analyse the acoustic signals caused by damage mechanisms in the sample volume. With modal AE, the full frequency spectrum of the AE waveform is used, so that the number of signals, the cumulative EA energy and the signal amplitudes are analysed [49]. Morscher et al. [17] established correlations between the kinetics of acoustic energy and cracking growth. In addition, although one sensor is sufficient for primary analysis of CMC damage, the positioning of two sensors on both sides of the monitored area enables for locating damage in the length of the sample. Lastly, clustering of damage mechanisms according to the signal amplitudes has been proposed at room temperature [70,73] and elevated temperatures [74]. AE is easily implemented at room temperature [49,70,71,75] but requires additional precautions when used at high temperatures [72], namely wave guides made of heat-resistant steel [74] or Platinium [66]. Successful analyses were performed at high temperatures for C/SiC, SiC/SiC and EBC/SiC/SiC composites (i.e., up to 1,000°C) [26,65,74], as shown in Figure 1.13, but limitations have been reported by Archer [66] regarding signal attenuation and sensor coupling for coated SiC/SiC composites at 1,300°C. Another indirect method for damage evaluation at the macroscropic scale is Electrical Resistivity (ER) that is easy to implement. This technique requires the sample to be composed of electrical conductive constituents. Formerly used for damage analysis of CMOs [76], models such as those of Morscher et al. [77] and Baker [78] were developed for CMCs, which are semiconducting materials, to link the global resistivity of these composites to damage. It was reported that electrical properties of CMCs depend on the fabrication process [77]. Thus, for CVI SiC/SiC composites, ER measurements are more sensitive to interphase damage [79,80] whereas for MI-SiC/SiC composites, where free silica exists in the matrix, ER measurements give information about matrix damage [49,81,82]. Figure 1.14 shows the simultaneous increase in AE energy and ER as damage grows in a CMC sample under tensile stress at room temperature. ER analyses were commonly performed at the ambient, but recent developments by Appleby et al. [26,65] showed the feasibility of such technique at elevated temperatures. Contrary to AE and ER techniques that characterise material damage through the measurements of a physical quantity (i.e., indirectly), direct in-situ observation setups exist, namely, optical microscopy, Scanning Electron Microscopy (SEM) and X-ray computed tomography (CT). Usually used for post-mortem observations [45,83], optical microscopy can be deployed on the lateral surface of the composite sample to monitor, during mechanical tests, the initiation and propagation of cracks. This tracking can be conducted either through image processing [84,85] or DIC analyses [86]. However, this technique was reported to be more efficient for the detection of out-of-plane damage (such as delamination) than transverse cracks perpendicular to the surface observed in CMCs [81]. For in-situ SEM, it is commonly carried out at room temperature [31,87,88], such as the work described by Zhao et al. [89] who monitored crack growth in SiC/SiC composites under four-point bending. Analyses at high-temperatures are rarer and performed under isothermal conditions [87] (i.e., a fatigue tensile test at 800°C).

Regarding X-ray CT, earlier use of tomography for SiC/SiC composites was related to the analysis and quantification of porosity [90,91]. The observation of cracks depends on the resolution since crack opening is generally less than 1 µm [92,93]. Thanks to laboratory tomography with very high resolution and synchrotron beamlines, experiments coupling mechanical test and imaging were conducted to characterise CMCs at room temperature [92,[94][95][96][97][98][99]. Chateau et al. [92] conducted an in-situ tensile test at ESRF (in France) to analyse damage mechanisms such as matrix crack propagation and fiber breakage occurring within the material. This type of monitoring was also performed at elevated temperature for minicomposites of C/SiC material. Bale et al. [100] and Haboub et al. [101] analysed the sequences of microcrack damage as cracks grow under load at temperatures up to 1,750°C using synchrotron X-ray computed microtomography. Similarly, recent studies were carried out by Mazars et al. [31,102] for conventional SiC/SiC samples at room and elevated temperatures (i.e., 1,250°C). The authors proposed a damage scenario, namely, the initiation of matrix cracks in weft yarns that develop and grow in the weft planes until coalescence and generation of through-thickness failure. They also reported differences between the experiments performed at room and high temperatures. Fibre breakage occurs within the main crack plane at 1,250°C, which was not the case for the room temperature experiment, as shown in Figure 1.15. Lastly, Turpin et al. [103] developed a setup for in-situ testing on real components of gas turbine engines, submitted to thermal gradients. Although in-situ X-ray CT and SEM are very promising means for the analysis of thermomechanical experiments on SiC/SiC composites, they require heavy setups that are less conventional and costlier than other instrumentation (e.g., cameras).

Moreover, thermography techniques can be used to detect damage in CMC samples. The monitoring can be performed with IR cameras so that a change of the thermal properties such as the thermal diffusivity (related to damage) impacts the measured temperatures [96,104]. Recently, Archer et al. [105] proposed to use laser spot thermography, which is an active thermography technique, to image crack networks that were generated by cyclic thermal loading on a coated CMC sample. IR images are acquired as a low power laser (corresponding to ≈ 40°C) scans the sample surface and after processing (with a Laplacian operator) of these images, the cracks are revealed, as shown in Figure 1.16. However, this technique is not used for in-situ monitoring, yet. Other less widely-used techniques can be listed. Piezoelectric sensors [106,107] were used for health-monitoring of CMCs at room temperature. However, since it requires to put the sensor in the sample, it introduces an change in the material response and its durability, especially at higher temperatures. The same issue occurs when using optical fibres [108] introduced within the composite. Some works [109,110] reported the use of ultrasonic C-scan method to monitor the damage state in CMCs (through the change of wave speed, related to a decrease of the material stiffness) but Wang et al. [111] reported a lack of sensitivity to minor damage such as matrix cracks of width smaller than 2 µm (i.e., smaller than the order of the signal wavelength).

Lastly, to characterise the mechanical and thermomechanical properties, point measurements of displacement, strains and temperature can be conducted respectively with extensometers [112], strain gauges [113,114] and bi-chromatic pyrometers [115]. Even though this instrumentation gives accurate measurements at elevated temperatures (i.e., higher than 1,100°C), they appear limited and do not satisfy the requirement of knowing the thermal and kinematic boundary conditions, which is necessary for CMCs under 3D thermal loadings.

In addition, since these materials do not have a homogeneous and isotropic behaviour, the use of point measurements only provides partial data (which are averaged over a potentially large area) that will not be sufficient to perform property identification.

Therefore, full-field measurements acquired by infrared (IR) and visible light cameras may provide a rich amount of data to monitor high-temperature experiments and can easily be used to instrument the setup. Consequently, IR thermography and Digital Image Correlation (DIC) will be used to assess thermal and kinematic boundary conditions and later identify material properties based on the measured fields. The next section will introduce these two measurement techniques.

Full-field measurements of temperatures and displacements

Infrared thermography

Infrared measurement devices are sensitive to infrared radiation emitted by an object surface that is converted into an electronic signal [116]. These devices include pyrometers, composed of one sensor and providing a single temperature measurement, and infrared (IR) cameras made of an array of sensors to produce a detailed IR image of the observed scene. Infrared thermography belongs to non-contact full-field measurement techniques, providing in real time and in-situ surface temperatures [117,118]. Thermal imaging is in particular interesting in solid mechanics, since temperature variations may come from the irreversibility of deformation processes that generates heat release (e.g., plasticity, damage) and thermomechanical coupling (e.g., thermoelasticity, phase changes) [117]. IR cameras are usually defined over limited wavelength bands in the IR radiation range (that extends from 0.8 µm to 1,000 µm), so that four categories of cameras are defined, namely near-infrared (near-IR) ranging from 0.8 µm to 1.7 µm, short-wavelength infrared (SWIR) from 1 µm to 2.5 µm, mid-wavelength infrared (MWIR) from 2 µm to 5 µm and long-wavelength infrared (LWIR) cameras from 8 µm to 14 µm. Current IR image definitions typically range from 120 × 140 pixels to 1,280 × 1,024 pixels [118] so that more than 1.3 million of temperature measurements can be obtained in one image. Digitisation also provides temporal sampling, with typical frame rates about 30 to 60 Hz for full frames and maximum frame rates up to several kHz when focusing the acquisition on a region of the frame [118]. The measured temperatures can range from tens of mK to thousands of K.

An IR camera is sensitive to the spectral emissive radiance (also called spectral luminance)

L(λ, T) (in W • m -2 • sr -1 • µm -1 )
where λ is the wavelength (in µm) and T the temperature (in K). It describes the amount of light that passes through, is emitted from, or is reflected from a particular area, and falls within a given solid angle, so that it is related to the thermal radiation of an opaque material [116]. For a black body, Planck's law expresses the monochromatic spectral radiance L 0 (λ, T) as

L 0 (λ, T) = C 1 λ -5 exp( C 2 λT ) -1 (1.1)
where C 1 and C 2 are two constants, with

C 1 = 3.742×10 -16 W • m 2 and C 2 = 14,388 µm•K.
The emissivity of a body ε(λ, T) is defined for a wavelength λ as the ratio between the radiation energy emitted by the body and that emitted by a black-body at the same temperature T [116]. Thus, a black body is defined by an emissivity ε equal to 1 whatever the wavelength and the temperature. However, real objects do not re-emit the same quantity of energy as a black body, so that their emissivity is less than 1. Consequently, the luminance associated with the true surface temperature T of the material is related to the equivalent black body surface temperature T λ through the spectral emissivity ε(λ, T)

L(λ, T) = ε(λ, T) L 0 (λ, T) = L 0 (λ, T λ ) (1.2)
Solving Equation (1.2) for the true surface temperature gives the following relationship

1 T = λ C 2 ln ε(λ, T) exp C 2 λT λ -1 + 1 (1.3)
24 Chapter 1. On performing high-temperature experiments on ceramic matrix composites When the condition C 2 /λT λ 1 is satisfied, the previous equation simplifies into Wien's approximation 1

T = 1 T λ + λ C 2 ln (ε(λ, T)) (1.4)
Consequently, Equations (1.3) and (1.4) highlight the requirement for the simultaneous knowledge of the equivalent black body surface temperature T λ and the emissivity ε(λ, T) to assess the true temperature T. In addition, these equations can be used to quantify the temperature error due to the emissivity uncertainty, which will be discussed in Chapter 3.

When observing a scene (Figure 1.17), the sensor of an IR camera may receive radiations from different sources [119]:

1. the emission from the studied object surface;

2. the reflection on the object of the surrounding environment radiation;

3. the reflection on the object of the atmosphere radiation;

4. the emission of the atmosphere;

5. the emission of the background;

6. the emission of the camera housing;

7. the emission of the sensor;

8. the reflection on the camera housing of the sensor radiation.

Contribution no. 1 can be expressed thanks to Planck's law (Equation (1.1)) and introduced the material emissivity ε(λ, T). If the effects of the background temperature (behind the sample) and the flux coming from the sensor are assumed negligible (which are reasonable hypotheses if the object is monitored with an IR camera of small aperture angle with cooled sensors [119]), contributions no. 4 and 8 can be removed. In addition, the atmosphere can reasonably be considered as transparent, so that contributions no. 2 and 5 can also be neglected [118]. Since the surrounding environment and the camera housing are assumed to be stable, contributions no. 3 and 6 can be grouped into a contant value α 0 [119]. Lastly, Rodiet [119] expressed contribution no. 7 as k (T 4 cam -T 4 s ), where k is a constant depending on the sensor surface, the sensor emissivity and Boltzmann's constant.

Infrared camera composed of a housing and sensors

T refl Background Atmosphere Targeted object FIGURE 1.17: Schematic representation of a thermal scene monitored by an infrared camera (adapted from [118]).

In addition, for a monochromatic IR camera, the tension signal V, expressed in Digital Levels (DL) and associated with a given temperature T, is proportional to the integration time IT (in s) of the camera. For a null-value of IT, the tension is not equal to 0 but to an offset V 0 (in DL). Thus, according to previous simplifications, the DL to temperature calibration law for a monochromatic IR camera writes [119] V = s L(λ, T)

+ α 0 + k (T 4 cam -T 4 s ) IT + V 0 (1.5)
where s is the sensor sensitivity in DL •J -1 . Assuming a stabilised temperature for the environment and thermal equilibrium for camera housing (e.g., cooled camera), the term

α 0 + k (T 4 cam -T 4 s ) is constant, hence [66] V = s L(λ, T) IT + V 0 = s ε(λ, T) C 1 λ -5 exp( C 2 λT ) -1 IT + V 0 (1.6)
The calibration data (performed on a black body by the camera manufacturer) are available for several IT so that the camera parameters s and V 0 can be identified. Thus, the true surface temperature of the material can be evaluated with Equation (1.6), for a spectral emissivity that varies with the temperature. Based on the knowledge of the material emissivity ε(λ, T), the quantitative assessment of temperatures can be conducted for devices such as the FLIR X6580sc monochromatic IR camera, which was used in this study for some of the experiments 1 .

For a polychromatic luminance, evaluated for wavelengths ranging from the lower wavelength λ l to the upper wavelength λ u , Planck's law becomes [120] L

0 (λ 1 , λ 2 , T) = λ u λ l C 1 λ -5 exp( C 2 λT ) -1 dλ (1.7)
Thus, for a polychromatic IR camera, the measured signal is no longer the spectral luminance L(λ, T) but its integration over a wavelength range. Moreover, the IR camera detectors usually exhibit different sensitivities D(λ) to the luminance with respect to the wavelength. Thus, Equation (1.6) is rewritten as

V = s λ u λ l D(λ)L(λ, T)dλ IT + V 0 = s λ u λ l D(λ)ε(λ, T) C 1 λ -5 exp( C 2 λT ) -1 dλ IT + V 0 (1.8)
For the FLIR A655sc polychromatic camera that was used for one of the studied experiment2 , the calibration data were not provided. Consequently, its calibration cannot be recomputed for a varying emissivity. Therefore, when using this type of camera, the material emissivity will be assumed constant over wavelength and temperature, which will unquestionably lead to temperature errors.

Global Digital Image Correlation

Digital Image Correlation (DIC), which was initially developed in the 1980s [121][122][123], is a non-contact full-field technique used in solid mechanics to measure displacement fields of the surface of a sample that undergoes a loading. DIC is based on the analyses of numerical images acquired by optical means. Therefore, it is an in-situ monitoring method that is easy to use, not (too) expensive and provides reliable measurements. In addition, it is versatile since DIC can be performed at different scales in space and time, thanks to the diversity of current imaging devices [124]. For instance, DIC analyses were carried out using fast-imaging techniques [125][126][127][128][129][130][131][132][133] to study the dynamic behaviour of materials. High-speed cameras are now able to acquire images up to 10 million frames per second. Regarding the range in observation scale, displacements were measured at the nanometric scale, using images acquired by Atomic Force Microscopy (AFM) [134][135][136], Scanning Electron Microscopy (SEM) [137,138,[138][139][140][141] and other imaging interferometry devices [142][143][144], at the micrometric scale up to the macroscopic scale with conventional visible light cameras [145][146][147][148], or even at the geophysical scale using satellite images [149].

The original technique of 2D-DIC enables for the measurement of in-plane displacements of the observed surface using one visible light camera [147,150,151] or one IR camera [152]. However, 2D-DIC only provides in-plane measurements for planar objects. In addition, it requires to align the camera with respect to the object, so that the camera image plane and the planar object are parallel throughout the experiment. Lastly, any out-of-plane motion of the sample will impair the measurement quality [124]. To overcome these challenges, stere-oDIC was developed for the measurement of 3D-surface displacement fields by combining (at least) two imaging devices that are usually two visible light cameras [147,[153][154][155][156][157], but recent developments were proposed using two IR cameras in a thermal stereocorrelation framework [158], one visible light and one IR cameras using hybrid stereoDIC [159] or more than two cameras of different modalities for hybrid multiview correlation [160]. Lastly, to measure the full 3D displacement of the bulk of a sample, opaque to the eye, Digital Volume Correlation (DVC) was proposed using (micro)tomography imaging devices, with X-ray sources [161][162][163][164][165][166] and neutron sources [167], and magnetic resonance imaging [168].

Based on the acquired images, DIC and related techniques are performed to measure displacement fields [147]. Strain fields are obtained as a by-product, since they are derived from the displacements by spatial differentiation [147,169,170]. Therefore, DIC analyses [124,170] allow experiments to be performed under various environments and for diverse materials [171,172], the applied boundary conditions of the experiment to be checked [173] and heterogeneous tests to be monitored [174] since the measured kinematic data may indicate strain localisation [175], crack initiation and propagation [176]. Furthermore, the measurements can be exploited for identification purposes [177][178][179][180][181][182][183] In the following, the framework associated with 2D-DIC is presented, for local and global approaches. The DVC framework is similar to that of 2D-DIC but considers 3D displacement fields when analysing tomographic volumes. Regarding stereocorrelation techniques, it requires additional descriptions (i.e., cameras calibration, shape corrections and 3D-surface measurements) that will be more intensively described in Chapter 2.

Instantaneous 2D-DIC uses image registration algorithms to measure the displacement fields between two configurations (i.e., two images). Therefore, it requires the tested sample to be speckled (e.g., with black and white paints) or to have an intrinsic texture (e.g., surface roughness, marks, weaving), so that its surface can be characterised by a wide gray level (GL) distribution. For each material point at a pixel position x in the reference image f (unloaded configuration) corresponds a point in the deformed image g that has moved by the displacement u(x). The underlying assumption of DIC is the gray level conservation expressed as

f (x) = g(x + u(x)) (1.9)
where u(x) is sought displacement. Therefore, DIC aims to minimise the squared difference in gray levels between the reference image f (x) and the deformed image corrected by the measured displacement g(x + u(x)). This quantity is referred to as the gray level residual ρ(x). Therefore, the functional η 2 (x) to be minimised is

η 2 (x) = ∑ x ρ 2 (x) = ∑ x [ f (x) -g(x + u(x))] 2 (1.10)
If each pixel is considered independently, the DIC problem becomes ill-posed, since the number of unknowns is greater than the number of data. Therefore, additional assumptions are required to measure displacement fields. For local DIC, the image registration is performed over small Zones Of Interest (ZOIs), also called subsets [147], in the entire Region Of Interest (ROI). Thus, Equation (1.10) is solved independently for each ZOI (composed of several pixels x ∈ ZOI) to measure the instantaneous mean displacement assigned to the ZOI centre occurring between two successive images. Kinematic hypothesis are introduced in the registration for ZOIs [147,179] to account for their warping. A correlation score is attributed to the DIC procedure to assess the quality of the subset matching [147]. The displacement measurement quality has been reported [184,185] to be mostly dependent on the speckle size, subset size, pitch (i.e., subset overlap), GL interpolation scheme (used to assess the gray level value at sub-pixel positions) and the ratio between the subset and speckle sizes.

More recently, global instantaneous approaches have been developed [182,[186][187][188][189][190] to perform the registration over the whole ROI by minimising the global correlation residual [170].

Assuming a good registration of the two images, the residual field ρ(x) only contains image acquisition noise. For global DIC, a spatial parametrisation of the displacement field u(x) is assumed. In particular, a Finite Element (FE) parametrisation for the displacement field appears suitable to compare the measurements to numerical simulations of mechanical problems for which the same discretisation can be used [189,191]. Thus, regular meshes made of 4-noded quadrilaterals (i.e., Q4-DIC [188]) or unstructured meshes based on 3-noded triangles for instance (i.e., T3-DIC [189]) were considered. The latter will be chosen in this study, since it was reported to be more convenient to accurately follow sample boundaries [189]. Consequently, the sought displacement field is parametrised as

u(x) = n x ∑ i=1 a i θ i (x) (1.11)
where a i are the nodal displacements and θ i (x) the spatial shape functions.

The discretisation enforces spatial continuity of the displacement fields, in contrast with local approaches. The assessment of the nodal displacement amplitudes {a} is achieved within an iterative procedure implemented with a Gauss-Newton scheme, based on the linearisation of Equation (1.10). For each iteration, the linear system to solve with respect to the displacement corrections {δa} writes [150] [M]{δa} = {b} (1.12)

where [M] is the Hessian matrix of the DIC problem and {b} the right-hand side member containing the DIC residuals ρ(x). These quantities are expressed as

M ij = ∑ x (θ i (x) • ∇ f (x)) θ j (x) • ∇ f (x) (1.13) b j = ∑ x ρ(x) θ j (x) • ∇ f (x) (1.14)
where the ∇ denotes the gradient operator and ρ(x) the GL residuals.

The displacement amplitudes {a} are iteratively updated with the corrections {δa} until convergence of the algorithm, corresponding to stabilised corrections (i.e., the root mean square (RMS) corrections {δa} are less than a given convergence criterion, usually taken equal to 10 -4 pixel).

Within this framework, the measurement uncertainties were discussed [192] and were reported to be less than those assessed with local DIC codes for an identical element size and interpolation. In addition, for instantenaous global DIC, the displacement uncertainties gathered in the covariance matrix [C U ] are related to the Hessian matrix [M] and the GL noise-floir σ f [188,192] [

C U ] = 2σ 2 f [M] -1 (1.15)
These elements constitute the original framework for global instantaneous DIC. Recent developments were added to the formulation, namely mechanical regularisation [193,194], the relaxation of gray level conservation assumption [150,195] and Integrated-DIC (I-DIC).

The mechanical regularisation is based on the equilibrium gap [196]. An elastic behaviour is assumed at a scale (defined by the user) and a boundary regularisation for the edge nodes [193], so that high-frequency fluctuations are penalised when they are not mechanically admissible. Initially written for Neumann boundary conditions and the bulk [193], it was very recently extended by Mendoza et al. [194] into a complete mechanical regularisation to also account for Dirichlet boundary conditions, using a discrete Laplace-Beltrami operator. More details about the framework and the implementation will be given in Chapter 4, as well as the assessment of brightness and contrast correction fields to account for gray level variations. I-DIC approaches [170,189,[197][198][199][200][201] were developed to perform parameter identification within the DIC framework. They are in particular interesting for the identification of stress intensity factors, which can be analytically expressed with Williams' series [202]. Figure 1.18 shows the effect of I-DIC on the measurement of displacement fields for a SiC specimen where a crack propagates. With I-DIC, the displacement measurements and the parameters calibration is carried out in one step. Therefore, at an iteration i, the displacements u(x, {p}) write, as functions of the sought parameters {p} and their sensitivities, as

u(x, {p}) = u(x, {p i }) + ∂u ∂{p i } (x, {p i }) {p} (1.16) 1.3. Measurements at very high temperatures 29 
Therefore, the linear system to solve becomes [197,199] [S] [M][S]{δp} = [S] {b} (1.17) I-DIC simply consists in projecting the nodal displacement field onto the sensitivity fields [S]. If identical meshes are used for both DIC analyses and FE computations, and the acquisition noise is small, an identification via Finite Element Model Updating (FEMU-U) and integrated-DIC are reported to be equivalent regarding the parameter uncertainties [191].

In this study, global DIC analyses will be conducted, for 2D and 3D-surface formulations. This choice is guided by the direct link between the measurement parametrisation and the FE framework used at SAFRAN Ceramics for thermomechanical computations. In addition, instantaneous global DIC provides a framework with several regularisation strategies that are suited for the measurement of small displacements, which is critical for CMCs. In the next section, the challenges regarding the use of DIC at elevated temperatures are discussed. When performing DIC at high-temperatures, the stability of the speckle pattern is required. However, the combination of elevated temperatures and oxidising species in air induces the degradation of common paints [204][205][206], which cannot withstand temperatures greater than 300°C [207]. In addition, as the temperature increases, the brightness and contrast of the acquired images change, so that contrast may be lost and gray level saturation occurs. This effect widely reported in the literature [204,205,[208][209][210][211][212][213][214][215][216][217] is related to the so-called black-body radiation of the sample surface. As the material is heated, it emits light that alters the contrast of the speckle pattern, as shown in Figure 1.20. With the increase of temperature, the radiations from the sample surface become higher and include shorter wavelengths. Moreover, the intensity for wavelengths about 450 nm is negligible in front of those of midrange (e.g., 700 nm), with five to 10 orders of magnitude between the two levels. Thus, the intensity of the surface features changes with the temperature until saturation, thereby causing the images to be unusable for DIC analyses [218].

Measurements at very high temperatures

Effect of temperature on measurements

Heat haze effect is an optical phenomenon caused by variations of the air refraction index in the observed environment. It is also referred in the literature to as mirage effect, heat waves or heat shimmer [219,220]. The gradient of air refractive index is related to thermal gradients. They induce density fluctuations of the surrounding air so that less dense molecules rise and denser components fall. These convective motions ( Since heat haze induces spurious motions, it is detrimental for quantitative imaging techniques such as DIC. Heat shimmer happens for different ranges of temperatures, from 50°C [220,222,223] to more than 2,000°C [215,224], and for different heating devices, namely, furnaces [204,212,213,220,[224][225][226][227][228][229][230][231], ohmic heating [208,219,222], laser [211], flame [205], induction [214,223], conventional IR heaters [220,232,233] or radiation from the sunlight [220,222]. Jones and Reu [220] also pointed out the generation of heat waves when using lights and cameras for several hours, which is common for experiments in solid mechanics instrumented by visible light cameras. Among all these sources of heat haze, hot ovens were reported to be the worst experimental device for the mitigation of heat waves [204,212,216,227]. Delmas et al. [219] developed a setup using the Back-Oriented Schlieren technique (BOS) [234] to visualise at 500°C the mirage effect on a speckle pattern used in DIC (Figure 1.23). In Figure 1.23, the red circles correspond to the speckle position at room temperature. Thus, heat waves caused spurious displacements of amplitude several pixels, which demonstrates the need to quantify this effect and mitigate it. However, heat haze is often overlooked [209,210,[215][216][217][235][236][237][238] or when its existence is reported, its impact is not quantified [205,208,212,224,226,227,229]. Table 1.1 summarises the references of hightemperature experiments using DIC analyses, their characteristics and their status regarding the heat haze effect. The mention "Characterisation" is used for papers whose goal was to analyse and quantify the heat haze effect using BOS setup. Heat waves induce spurious displacements of amplitude often greater than 0.1 pixel [220].

For low temperatures (50 to 150°C), the spurious in-plane displacements are approximatively equal to 50 to 60 µm corresponding to, for instance, 0.5 pixel [220,233], whereas heat haze may induce higher out-of-plane motions, about 250 µm [220]. Delmas et al. [219] reported horizontal displacement amplitudes of 150 to 240 µm depending on the camera modality (i.e., visible light, near-IR and IR cameras) for a heater operating at 800°C. Figure 1.24 shows the in-plane horizontal and out-of-plane displacements measured on a static sample at an approximate temperature of 150°C. The kinematic fields are mostly due to the heat waves generated in the oven. Moreover, in presence of heat haze, the standard uncertainties on quantities of interest (e.g., displacements, strains or thermomechanical properties such as coefficients of thermal expansion) increase. It becomes critical when working on materials with low strains such as ceramics, coatings or CMCs when the identification of thermomechanical properties is at stake. Turner and Russell [225] reported an increase by seven of the standard fluctuation on displacements from 21°C (0.011 pixel) to 600°C (0.074 pixel). Lyons et al. [204] showed that the fluctuation on strains quadrupled from room temperature (equal to ≈ 100 µ ) to 650°C (up to ≈ 421 µ ) when taking no precaution regarding the furnace setup, when regular low-quality glass is used. Liu et al. [235] reported a standard displacement fluctuation of 50 µm on the horizontal displacement measured by DIC (i.e., 0.02 pixel) at 650°C, which was higher than what was expected at room temperature. Novak and Zok [211] quantified the impact of heat haze induced by laser heating on strain fluctuations. The authors reported an increase from 20°C to 800°C of the strain fluctuation by a factor of six and a half (from 170 µ to 1,110 µ ). Pan et al. [232] highlighted the progressive increase of the standard strain fluctuations (on xx and yy ) with the rise of temperature from ambient to 1,300°C, as shown in Figure 1.25. Thus, the fluctuations increased from ≈ 40 µ to ≈ 1,600 µ . Furthermore, Leplay et al. [213] evidenced heat haze effects by comparing the measured standard fluctuation on strain with a priori uncertainties, when propagating the image noise to strain uncertainties, in a global DIC framework. When considering a Q4 finite element mesh of mean size 64 × 64 pixels and images acquired for an exposure time of 1/250 s, the strain fluctuation is expected to be equal to 0.055% whereas the measured standard fluctuation at 1,350°C was equal to 0.45%, which is significantly higher. Similarly, when considering one beam element of size the Region Of Interest and an exposure time of 30 s, the measured strain fluctuation is 10 times higher than the expected one (i.e., equal to 2×10 -3 instead of 2.5×10 -4 ). Luo and Feng [222] quantified the impact of mirage effect in two configurations, namely, when the object is monitored close to the camera but with a steep thermal gradient (i.e., with a heater), and when the object is far from the camera (i.e., a building located two kilometers away) and undergoes small thermal gradient (i.e., the object is located outside in the sunlight). In the first case characterised by a scaling factor of 96.4 µm/pixel, the standard horizontal displacement fluctuation increases from 2.5 µm without heat haze to 47 µm. In the open, the effect of heat shimmer is higher since the standard fluctuation is equal to 20,8 mm (for a physical pixel size of 10.4 mm). Lastly, Jones and Reu [220] reported the effect of heat waves occuring in several configurations. It induced an important rise of the standard horizontal displacement fluctuation. It is increased by three when considering an experiment at room temperature where the heat waves are created by the lighting device and the camera (i.e., for a mean temperature of 55°C), from a reference fluctuation of 0.008 pixel to 0.024 pixel. This level is of the same order as reported in another work of the authors [223], where the operating temperature was close to 60°C and the fluctuation equal to 0.046 pixel. For an object heated in an oven at 150°C [220], the effect is higher since it goes from 0.06 µm (corresponding to 0.006 pixel) to 1.3 µm, when measuring the displacements with a local 2D-DIC software. The increase is even more important when using stereoDIC.

For in-plane displacements, the standard fluctuation rises from 0.7 µm to 20 µm and for the out-of-plane fluctuation, it increases from 2.2 µm to 56.3 µm.

Therefore, since heat waves develop even with small thermal gradients and may induce large displacement errors, this effect needs to be mitigated, as proposed by some works.

The following section reviews the investigated solutions.

Existing solutions for performing DIC at high-temperatures 1.3.2.1 Experimental improvements

Several solutions were proposed in the literature to tackle the three challenges related to high-temperature experiments analysed by DIC, namely the degradation of the speckle pattern, the loss of contrast for the images and the heat haze effect.

Since the common organic paints only sustain temperatures up to 300°C [207], temperatureresistant coatings were developed [211,212,226]. They are usually composed of oxides that are stable for temperatures above 600°C. Lyons et al. [204] proposed a paint composed of nitride and aluminium oxides. Pan et al. [209] combined cobalt oxides with an inorganic adhesive to withstand high-temperatures tests. Hammer et al. [212] used white paint constituted of titanium dioxide that can operate up to 1,100°C. Leplay et al. [213] performed DIC analyses at 1,350°C on a zircon ceramic using silicon carbide powders, which is similar to the strategy followed by Archer et al. [218]. For experiments of C/SiC composite at 1,600°C, Mao et al. [216] developed a paint composed of a high-temperature-resistant glue stable up to 1,750°C and ZrO 2 powders, sprayed on the sample surface by a high-pressure air-brush. Tungsten carbide can also be used for speckling, as reported by Guo et al. [215] that used plasma spraying to fabricate speckle patterns at 2,600°C for the analysis of the thermomechanical properties of carbon fibres. Another route is to use the surface roughness as a speckle pattern that can be already existing (mechanical polishing) or added in the form of surface oxidation (electrochemical marking) [238][239][240]. However, the latter is only feasible for metallic samples.

Regarding the loss of contrast, as shown in Figure 1.21, the effect of black-body radiation on images acquired by a visible light camera can be limited for short wavelengths. Thus, blue (or green) band pass filters that cut off wavelengths above 440 nm (respectively, 540 nm) can be used to prevent black-body radiations to be captured by the camera sensor. However, since the absolute intensity for these wavelengths is very low compared to the total radiated energy (Figure 1.21), the addition of a powerful illumination source, which affects the entire image, will be beneficial to increase the intensity the sample features on the image acquired for the shorter wavelengths [209]. The single use of powerful lighting was reported to be sufficient to acquire images for consistent DIC analyses at 800°C [204]. For higher temperatures, the combination of band pass filtres and white lightings of high intensity is required (Figure 1.26), as discussed by Grant et al. [208] for heating tests at 1,000°C, by Pan et al. [210] for experiments at 1,200°C and by Novak and Zok [211] at temperatures greater than 1,500°C. It can be noted that blue-ray light sources can be used to achieve light compensation [217]. As an alternative to visible light cameras, UV cameras can be used. Thus, images are acquired at shorter wavelengths and the effect of black-body radiations can be limited, so that UV-DIC can be performed. This solution, originally proposed by Berke et al. [214] to analyse an experiment on a superalloy at 1,150°C, was afterwards followed by Zhang et al. [229] to perform experiments at 1,000°C, and Chen et al. [231] at 1,200°C. Lastly, the correction of the gray level variations can be carried out during DIC analyses, performed either with local formulations [147] or global approach [150,195,241]. This solution will be detailed in Chapter 4.

Regarding the heat haze effect, several experimental improvements have been proposed to reduce the level of fluctuations on the measurements. Firstly, some authors assessed the absence of heat waves when using a heating device that is not a furnace, since the allegation is that heat haze is due to the closed environment of the oven and the glass of furnace window [209]. However, as seen in Section 1.3.1.2, heat shimmer develops with all types of heating devices, even for small thermal gradients. Thus, heat haze needs to be considered for all types of heating device, especially when working with CMC materials since the expected level of displacements is small and the temperature high.

Secondly, the advantage of using a high-quality glass when performing high-temperature experiments in a furnace was reported [204,212,213,228,231,235,236]. In particular, Lyons et al. [204] observed a reduction of the strain fluctuation by two with a sapphire glass at 100°C (i.e., from 200 µ to 100 µ ) and by three at 650°C (i.e., from 421 µ to 150 µ ).

Thirdly, the effect of a mixing fan (or an air knife) located between the heating device and the camera was widely investigated, by quantifying the reduction of the standard fluctuations on displacements or strains [204,211,213,214,226,228,231,232,235]. The activation of an air controller enables for the stabilisation of the strain errors. For instance, Wang and Tong [228] noticed a stable value of thermal strain errors at 5.5 µ with the addition of an air flow to mitigate the heat waves developing at 140°C. At 150°C, Jones and Reu [220] showed a reduction by 10 of the horizontal displacement fluctuation with a mixing fan. Similarly, Lyons et al. [204] evaluated the improvements in terms of standard fluctuation obtained with an additional fan and a high-quality glass window, with the stabilisation of the strain fluctuation at the same level as at room temperature (i.e., 100 µ ). At higher temperature (i.e., 800°C), Novak and Zok [211] discussed the enhancement of displacement measurements and strain computations with an air knife, with the reduction by three of the strain fluctuations from 1,110 µ to 385 µ (Figure 1.27), although it did not totally remove the effect of heat waves. Further, Hammer et al. [212] proposed to add a second fan inside the furnace to homogenise the air flow and reduce heat waves. However, if no precaution is taken regarding the position of the external fan or the intensity of the generated air flow, it may induce no improvements [213] or even increase the standard fluctuations on the displacements [220], since an additional noise could be generated through camera vibrations. Moreover, the air flow will inevitabely change the thermal boundary conditions (by reducing the temperature by a few tens of degrees) as noted by Jones and Reu [220]. In addition, even if a fan improves the homogenisation of the air and reduces the measurement errors, it is not sufficient enough to enable measurements with the same level of fluctuations as in ambient conditions.

Fourthly, Leplay et al. [213] showed the impact of exposure time on the heat haze mitigation. As seen in Figure 1.28, increasing the exposure time to several seconds (i.e., 30 s) allows for erasing part of heat shimmer without blurring too much the images and the standard strain fluctuations to be considerably reduced. Finally, two works highlight the interest of working in a vacuum chamber, to reduce (if not erase) heat waves, since it is related to refractive index gradients [208,223]. Reu and Jones [223] reported a decrease of the standard displacement fluctuation from 0.046 pixel in an air environment to 0.0032 pixel in vacuum for a temperature of 60°C. However, this strategy requires a heavy setup and cannot be followed in all cases.

Consequently, a guideline for high-temperature experiments can be proposed thanks to the reviewed solutions. Firstly, oxide-based paints are relevant for tests on SiC/SiC composites since they can withstand temperatures greater than 1,100°C and do not react with these materials. Secondly, to limit the loss of contrast due to black-body radiations, optical band pass (e.g., blue or green) filters should be added to the visible light camera and combined with powerful illumination sources (white or blue). Thirdly, to mitigate the heat haze effect for experiments using a flame or a laser (i.e., with a direct observation of the scene, and not through a window), the main solution is to use a fan for mixing the air, which reduces the amplitude of the heat waves without totally suppressing it. Thus, to address these issues, additional strategies were explored in the literature for a better assessment of the displacements measured by DIC.

Filtering strategies for displacement measurements

This section discusses different solutions currently implemented to reduce the effect of heat waves for images already acquired, before, within or after the DIC analyses.

The first strategy to mitigate the heat haze effect is to process the images before measuring the displacements. This approach consists in a simple average of the images, which is similar to the experimental increase of the exposure time [213]. Several references report this strategy with some minor differences [220,[228][229][230][231]. Su et al. [230] proposed a grayscaleaveraging technique that is based on an average of sets of 25 images, each taken for a given stabilised temperature level ranging from 100°C to 1,000°C. Thus, it enables for the reduction of strain fluctuations by 50 to 60%, with a decrease from 1,900 µ to 660 µ for xx , and from 410 µ to 180 µ for yy . The number of averaged images is quite similar to that proposed by Zhang et al. [229] (i.e., 20 images). Wang et al. [228] studied the effect of that number on the standard deviation of strain (Figure 1.29) and found an optimal value for their experiment. Thus, no significant improvement was established when averaging 50 or 100 images acquired at a stabilised temperature of 140°C since the standard deviation of strain was stable and equal to 2.5 µ for both cases, which is a remarkably low value. Similarly, Chen et al. [231] reported an important reduction in strain fluctuations with the averaging of images at 1,200°C from 2,700 µ to 1,000 µ . The positive effect was even more convincing when precautions were taken during image acquisition (i.e., with a fan) since the standard deviation of strain dropped to 600 µ . However, the authors highlighted the limitation of this technique for experiments at a temperature greater than 1,200°C, caused by the large distortions due to heat waves. Lastly, Jones and Reu [220] proposed a moving average filter of minimum size 1 s to reduce the heat wave impact on the displacement errors. However, it was not sufficient enough to erase the spatial pattern associated with heat haze. Although the averaging technique is easy to perform and shows improvements for displacement measurements and strain assessments, this approach is a suitable solution only when dealing with static thermal processes, i.e., thermal expansion experiment with images acquired at steady states.

The second approach to mitigate heat haze effects is through the filtering of measured displacements and strains [220,224,226]. Song et al. [224] proposed to reduce the impact of heat shimmer on displacements in order to get more reliable strain measurements. The developed algorithm is based on a first fit of the displacement plane obtained with the removal of spurious measurements, then through a noise threshold on displacement fields to smoothen the strains. If the authors reported a better assessment of strain measurements than with standard DIC softwares, they did not quantify the improvement in terms of fluctuations. Moreover, this approach is only suitable for uniform strains since the displacement field is expected to be fitted by a plane. Jones and Reu [220] quantified the effect of three Butterworth filters (i.e., two low-pass filters of cut-off frequencies 0.1 Hz and 1 Hz and a high-pass filter of cut-off frequency 50 Hz), with a reduction of standard fluctuation on displacements due to heat haze (Figure 1.30). Even with low cut-off frequencies, the two filters cannot remove most of heat waves, leading to high standard deviations on displacements. Above 50 Hz, only random noise remains, explaining the low level of achieved displacement errors. This observation is interesting since it shows that the spectral domain of heat waves goes from 0 to 50 Hz, with the higher amplitudes and contributions under 1 Hz. The authors also reported a reduction of heat haze through the average of displacements measured by six stereovision systems, which enable for the decrease of the standard fluctuation on displacements by 30 to 45% [220].

40 Chapter 1. On performing high-temperature experiments on ceramic matrix composites A third proposition [222] consists in correcting on the images the distortions induced by the heat haze effect. To conduct this correction, artificially distorted images are computed from an uncorrupted reference image and from a modal basis of displacements due to heat shimmer. Then, when an image is acquired in an environment with heat haze, it is compared to the library of corrupted images and corrected iteratively. The authors reported a reduction of 80 to 85% of the fluctuation on displacements with this method, to a level still three times greater than the displacements noise-floor estimated for the uncorrupted reference image. Figure 1.31 shows the distortion basis based on only one displacement field subdivided into 20 subsets that was measured for one image in a static configuration at low temperatures (i.e., less than 100°C), which may not be representative of high-temperature experiments. A fourth strategy [233] consists in correcting the corrupted measured displacements using coloured (i.e., RGB) images. In this configuration, several speckle patterns are used, namely, a standard black speckle pattern on the sample and an additional blue speckle pattern, projected onto the sample surface with a blue laser and a diffuse reflector. The approach is based on the assumption that the blue speckle is affected only by the heat waves, and not by the motions of the sample, whereas the black pattern, that can be seen on the images of the green channel, is impacted by both phenomena. Thus, the displacements induced by the heat haze effect, measured on the images of the blue channel, was reported by the authors to be sufficient to correct the displacements measured on the images of the green channel.

Conclusions and challenges for high-temperature experiments on CMCs

Lastly, a solution for heat wave mitigation could be conducted through the computation of the 2D refractive index field. Then, using a suitable model such as the one proposed by Delmas et al. [219], which was based on an earlier ray-tracing method developed by Cosson et al. [242], the associated displacement fields can be computed and re-used to correct the images.

However promising, all these approaches aim either to correct a priori the images, either to correct a posteriori the displacements measured by the DIC softwares. Leplay et al. [213] proposed, as an alternative solution, a spatial regularisation of the measured displacements in a global DIC framework. The Beam-DIC procedure proposed by the authors, which is based on previous work [227,243,244], enforces the measured displacements to satisfy mechanical admissibility, namely the Euler-Bernoulli hypothesis. Thus, the non-admissible displacements induced by the heat haze effect are essentially filtered out as shown in Figure 1.32, leading to the reduction of the standard strain fluctuation by a factor of 10 compared to a global Q4-DIC framework, to a level equal to 0.002%. However, as reported in Section 1.3.2.1, this solution is not sufficient to fully remove the temporal heat wave impact. Even if some of these strategies provide good results, they need to be combined to experimental methods for the mitigation of heat haze, in order to mitigate the distortions. Moreover, it is important to note that the errors induced by heat shimmer are never totally suppressed by the reviewed strategies, which are, in addition, often not suitable for materials experiencing non-uniform strain, in anisothermal environments for instance. Besides, filtering procedures are tricky to tune, since the spatial and temporal frequencies of heat waves are usually of the same order as the sought displacements of a tested material. Consequently, the heat haze effect still remains one of the main challenges for high-temperature experiments performed with CMC samples and will be tackled in this study.

Conclusions and challenges for high-temperature experiments on CMCs

In this chapter, the main features of the study were reviewed, namely the material properties, the standard in-situ techniques used for their characterisation and the main challenges of high-temperature experiments.

Uncoated and coated BNMI-SiC/SiC composites that are studied herein display good thermomechanical properties up to 1,100°C and 1,300°C, respectively. In addition, their damage tolerance is key for structural components such as those envisioned by SAFRAN Ceramics for future gas turbine engines (e.g., blades and shroud). However, since these materials exhibit very low strain levels (i.e., less than 0.1%) when loaded in the elastic regime (corresponding to sizing requirements for industrial components), their characterisation appears challenging, and even more at high temperatures. These difficulties are directly related to the complexity of using thermomechanical characterisation techniques that withstand temperatures greater than 1,100°C. In this study, CMC samples are subjected to multiaxial thermal loadings inducing heterogeneous thermomechanical fields. In addition, because the control of thermal and kinematic boundary conditions is required, point measurements are not sufficient to monitor the tests. Within the given experimental constraints in terms of instrumentation and sought measurements, full-field techniques that are InfraRed Thermography (IRT) and Digital Image Correlation (DIC) appear relevant.

Based on the thermal radiation theory, IRT expresses the correlations between the radiative flux acquired by an IR camera, converted into Digital Levels (DL), and the surface temperatures of an object, according to its spectral and thermal emissivity. The connections between DL and temperature were specified for the two IR cameras (monochromatic and polychromatic devices) used in this study. Furthermore, DIC approaches that are widely used to measure displacement fields were introduced. In particular, the framework associated with global DIC was detailed since it will be used thoughout the present work. The specific features of in-house T3-DIC algorithms (i.e., FE parametrisation that enforces the kinematic admissibility of the sought displacements, mechanical regularisation and relaxation of the gray level conservation assumption) are beneficial for the measurement of small displacements and the reduction of fluctuations in standard experimental conditions such as room temperature tests.

When performing high-temperature experiments, DIC analyses become challenging. Precautions need to be taken regarding imaging of an experiment and the displacement measurements. The use of temperature-resistant paints composed of oxides or ceramic powders is essential to perform high-temperature DIC, since the underlying requirement for this measurement technique is stable speckle patterns. Visible light cameras including shortwavelength band pass filters are also useful to prevent black-body radiations to change the image intensity up to their saturation. However, since global DIC algorithms may account for gray level variations, this experimental solution is not mandatory. Lastly, convective currents are generated in high-temperature experiments, which induces the distortions of the object shapes. The so-called heat haze effect, which can develop even with small thermal gradients, corrupts the images so that spurious displacements of amplitude much higher than displacement noise-floor levels are added to the actual kinematics. Although several experimental (e.g., mixing air fan) and numerical strategies (temporal and spatial filtering of the raw data or of the displacements measured by DIC) were proposed to tackle the issue, none was sufficient to fully remove the effect of heat waves, in terms of measurement fluctuations. Therefore, this observation leads to two objectives in order to properly and accurately measure displacement fields of CMCs that are expected to be very low and of the same order of the levels caused by heat waves. Firstly, the heat haze effects need to be fully analysed and their impact on the thermal and kinematic data to be quantified. Secondly, the development of dedicated measurement strategies are essential to reduce the displacement fluctuations at elevated temperatures so that the identification of reliable thermomechanical properties of CMCs based on full-fields could be possible. The following chapters present the approaches implemented to achieve these objectives and the associated results.

Chapter 2

Calibration of a multi-instrumented experiment

In this chapter, the pinhole model of a camera is introduced and the existing procedures to calibrate it. Then the approaches developed to calibrate a single infrared camera using self-calibration based algorithm and visible lights cameras in stereo-rig are presented thanks to global stereoDIC. The geometric model of a camera (Figure 2.1) is based on three elementary transformations. Their composition forms the so-called pinhole model [1].
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.1: Projection of a 3D point M on a 2D image through the pinhole model (adapted from [2]).

The position of a 3D point M of the scene, defined in the world reference frame R W by its coordinates (X W , Y W , Z W ), is expressed in the local system R C attached to the camera C through the local coordinates (X C , Y C , Z C ). This change of frame constitutes the first transformation and depends only on three rotations and three translations. This transformation between the world coordinates {X W } and the local coordinates {X C } is expressed with a (4 × 4) matrix [T] in the homogeneous coordinates framework

{X C } = [T]{X W } (2.1) that is        X C Y C Z C 1        = [T]        X W Y W Z W 1        (2.
2)

The transformation matrix [T] is decomposed into a rotation matrix [R] (defined by three angles, or one angle and two independent components of a rotation axis) and a translation vector {t} (defined by three components)

[T] = [R] {t} {0 1×3 } 1 (2.3)
or equivalently

[T] = The second transformation corresponds to the projection of the 3D point M onto the retinal plane, i.e., a perspective projection from the camera frame R C to the 2D image frame R I . The projected 2D point m is defined by its homogeneous coordinates (x i , y i , 1) and obtained thanks the 3 × 4 projection matrix [P]

s •    x i y i 1    = [P]        X C Y C Z C 1        =   f 0 0 0 0 f 0 0 0 0 1 0          X C Y C Z C 1        (2.5)
The only parameter defining the matrix is the focal distance f . The scale parameter is denoted s. The last transformation expresses the 2D coordinates of the projected point m in the sensor frame R S (i.e., (x s , y s , 1) in homogeneous coordinates) with the 3

× 3 matrix [A]    x s y s 1    = [A]    x i y i 1    (2.6) with [A] =    S x -S x cot θ -S x ( ĉx -ĉy cot θ) 0 S y sin θ - S y ĉy sin θ 0 0 1    (2.7) 
where θ is called skew angle between the two axes x i and y i . The two parameters S x and S y are the scale factors respectively in the x i -direction and y i -direction; the parameters ĉx and ĉy correspond to the position of the optical centre in the sensor coordinate system. In the sequel, θ is assumed equal to π 2 , which simplifies Equation (2.7). Thus, by combining the transformation matrices [P] and [A], an intermediate 3

× 4 projection matrix [K] is defined [K] = [A][P] =   f S x 0 -S x ĉx 0 0 f S y -S y ĉy 0 0 0 1 0   =   f x 0 c x 0 0 f y c y 0 0 0 1 0   (2.8)
This projection matrix is now only dependent upon four intrinsic parameters: the horizontal and vertical scale factors expressed in pixels (resp., f x and f y ) and the position (c x , c y ) of the projection on the sensor of the optical centre.

The combination of the three elementary transformations gives the projection of the 3D point M from the world coordinate system X W to sensor coordinates x s , expressed through the 3 × 4 global projection matrix [Π] 

s • {x s } = [A][P][T]{X W } = [Π]{X W } (2.
       X W Y W Z W 1        (2.10)
The projection matrix [Π] is consequently defined by ten independent parameters.

In addition to these parameters, it is also possible to consider the distortion effects (based on Seidel lens distortions) due to imperfections of camera optical system, that deviates from the Gaussian ray tracing approximation of pinhole model [2]. The distortions of optical system are numerous but usually involve defects in shapes and positionning of lenses, namely defaults in paralellism, coaxialities of optical axes and curvatures. Thus, distortions can significatively disturbe the prediction of image locations based on pinhole model and lead to measurements errors [2]. Hence the need for modelling, measurements and removal (i.e., images correction) of distortions.

Radial, decentering and prism distortions, whose theory and formulation have been developed by Brown [3,4], are the three main optical effects usually modelled for camera calibration. The mathematical model proposed by Brown uses semi-infinite series describing the apparent displacements (δ x , δ y ) induced by the geometrical aberrations, so that the distorted position (i.e., real position) of a point on an image (x r , y r ) is equal to the ideal position using pinhole model camera (x s , y x ) with the additional distortion displacement

x r y r = x s + δ x y s + δ y (2.11)
The radial distortion (δ R x , δ R y ) is caused by the deviations to the Gaussian ray tracing approximation (i.e., optical waves close to the optical axis of the system) and is expressed as a semi-infinite series of unknown amplitudes

r k δ R x (x r , y r ) = x r ∞ ∑ k=1 r k x 2 r + y 2 r k δ R y (x r , y r ) = y r ∞ ∑ k=1 r k x 2 r + y 2 r k
(2.12)

The decentering distortion (δ D x , δ D y ) occurs when the optical axes of the different camera lenses are not coaxial, leading to an apparent optical centre position (defined with its angular 2.1. Calibration of multiple cameras: existing procedures 65 position φ 0 ) that deviates from the one predicted by the pinhole model. It is expressed with a semi-infinite series of unknown amplitudes s k

δ D x (x r , y r ) = 2x r y r cos φ 0 -3x 2 r + y 2 r sin φ 0 ∞ ∑ k=1 s k x 2 r + y 2 r k-1 δ D y (x r , y r ) = 2x r y r sin φ 0 -x 2 r + 3y 2 r cos φ 0 ∞ ∑ k=1 s k x 2 r + y 2 r k-1 (2.13)
The prism distortion (δ P x , δ P y ), due to non-parallel lenses, is expressed with a semi-infinite series of unknown amplitudes t k

δ P x (x r , y r ) = -sin φ 0 ∞ ∑ k=1 t k x 2 r + y 2 r k δ P y (x r , y r ) = cos φ 0 ∞ ∑ k=1 t k x 2 r + y 2 r k (2.14)
Usually, only the first order term of these series is considered [2,[6][7][8], giving five additional non-linear intrinsic parameters to calibrate, but more parameters can be investigated [9].

In the following sections, different methods are discussed to calibrate camera parameterswhether extrinsic, linear intrinsic or distortions, which constitutes the calibration step of all stereosystems when dealing with image-based measurements.

Classical approaches for calibration of visible light cameras

Although it is possible to get some Euclidian measurements from uncalibrated cameras, using for instance algorithms based on a single known physical distance, via projective geometry and computer vision [10,11], accurate measurements require camera calibration. The process of estimating the parameters of the explicit camera model introduced in Section 2.1.1 is known as strong calibration [12,13]. Since the development of computer vision in the eighties, several methods have emerged to perform calibration of one or several cameras, which will be briefly described hereafter.

The initial approach to this purpose relies on a 3D calibration object of well-known geometry and its image [1,2,14,15]. It uses a non-linear optimisation algorithm (such as Levenberg-Marquardt scheme [16]) initialised thanks to direct analytical methods [17,18]. The algorithm minimises the sum of the quadratic projection errors between 2D projected positions of specific 3D points through camera model (cf. Equation (2.10)) and the measured positions on the image of these points. They correspond to the intersection points of vertical and horizontal lines when the calibration object is a grid ( The approach was extended to 2D planar calibration targets [1] that are moved in the scene with known displacements (such as rigid body motions) [13,24] or seen from different points of view thanks to a moving camera [13]. In particular, Tsai [17,25] investigated the calibration using monoview single plane, monoview multi-plane and multiview, and drew the mathematical framework of these situations (proof of existence and uniqueness, analytical method for parameter estimation), along with the conditions to avoid singularities in problem solution. Hence the requirement for more than one plane when using a single image, since the scale factor s (see Section 2.1.1) cannot be determined in that case and an uncertainty regarding optical centre remains [17]. Similarly, Sturm and Maybank [26] described the mathematical conditions to avoid singularities when calibrating intrinsic parameters (the effective focal length, the aspect ratio, the principal point coordinates) of a camera using a 2D plane object with different views. It is necessary to use (at least) two nonparallel planes, which implies using a 3D object or moving the 2D planar target so that the motion is not a pure translation. Zhang [27] extended the classical method for camera calibration with a 1D calibration object (i.e., a set of collinear points) with several images (which is usual in calibration procedures [28]). The author established the minimal conditions to successfully calibrate the camera, namely a 1D object made of one fixed point and three (or more) colinear points of known distances, recorded for (at least) six positions (i.e., six images). This approach, using an algorithm based on the Image of the Absolute Conic (IAC) [29], led to similar results compared with plane-based calibration.

In all these procedures, extrinsic and linear intrinsic parameters are usually considered. Some calibration procedures described above include one non-linear intrinsic parameter, namely the radial distortion factor, but do not investigate the estimation of decentering and prism distortion coefficients, since explicit calibration methods needs a suitable distorsion model, which depends on the lenses of the camera. Therefore, Wei and Ma [24] proposed to use an implicit calibration model incorporating decentering, radial and prism distortions, which requires a dense grid of 15 observations of the 2D plane-based target in order to be accurate. An in-between four-step procedure developed by Heikkilä and Silvén [30], based on an explicit model of camera without distortions for projection of 3D points on images and an implicit modelling of distortions for image correction, allowed for accurate results and good estimation of distortions parameters thanks to an inverse model, when using a single image of a 3D calibration object (Figure 2.3(c)).

For these techniques involving a calibration object with dots, errors can be made when determining their centre, since the projection of a circle is an ellipse. Therefore, procedures have been developed to correct this effect or take it into account during calibration [30,31]. Moreover, when dealing with the calibration of a camera model that includes distorsions, the knowledge of the precise geometry of the calibration object may be irrelevant [2]. In addition, such high-quality object can be difficult to manufacture and expensive [22]. Therefore, an alternative procedure based photogrammetric methods and called bundle adjustment proposes to determine the camera parameters (including distortions) and calibration object geometry at once [32]. In this configuration, the object possess a number of p points and is seen from n views, giving 11 + 6n + 3p unknowns (4 linear intrinsic parameters, 7 distortions parameters, 6 extrinsic parameters per camera positions and 3p 3D coordinates for the points). A non-linear optimisation algorithm (e.g., Levenberg-Marquardt), initialised by direct methods [13,18], can estimate the unknowns using the 2np projection equations of the model, as soon as there is a large number of images and points [2,9,33].

Other techniques exist, such those using a projection of a grid onto a uniformly illuminated sphere [34,35] or based on the vanishing points for orthogonal directions with a cube of known dimensions [36,37]. The first one allows intrinsic parameters and distortions to be calibrated at once using the mathematical description of grid projection and analysis of image gradient. The second one is based on the determination of the three vanishing point coordinates of a cube through images where three faces can be seen, then the optimisation of intrinsic linear parameters is performed to fit those coordinates.

The last procedure used for calibration is based on the use of the object itself to calibrate the camera, by acquiring n images of the sample. This technique is known as selfcalibration [38]. It is especially used for automobile or large structures [39][40][41], since designing a precise calibration target of this size is challenging. Kruppa's equations [42] describe the mathematical problem, but since the solutions are unstable, constraints (for instance, motions of the cameras) need to be added to stabilise the mathematical solution of the system. For instance, Luong and Faugeras [43] proposed to calibrate extrinsic and linear instrinsic paremeters of projection matrix to record three images corresponding to camera displacements that cannot be pure rotations whose axis contains the optical centre, pure translation or identical to each other. Other constraints can be added from fixed distance between cameras when two cameras are used (stereoscopic case) [44,45]. Moreover, even if two images and six points are sufficient to calibrate the parameters, a lot of images and points are actually analysed to overcome noise.

Thus, when dealing with stereocorrelation, the calibration of the stereo-rig is required. The projections of a 3D point M from world coordinates X W to sensor coordinates x s of first camera and x s of second camera lead to two system (see Section 2.1.1)

s • {x s } = [K][T]{X W } = [Π]{X W } (2.15) s • {x s } = [K ][T ]{X W } = [Π ]{X W } (2.16)
Moreover, when introducing a linear transformation [T s ] that represents the change of system from the local system of the first camera R C to that of the second camera R C , Equation (2.16) is rewritten as

s • {x s } = [K ][T ]{X W } = [K ][T s ][T]{X W } (2.17)
Thus, calibrating a stereovision system implies identifying the intrinsic parameters for each camera (gathered in the matrices [K] and [K ]), the extrinsic parameter of one of the two cameras (referred to as master camera) expressed through [T] and the linear transformation [T s ] to switch from the master camera to the second one, also called slave camera. Most of local stereoDIC algorithms are based on procedures similar to those described for the calibration of a single camera, involving bundle adjustments [46]. They usually use a target to calibrate each camera by taking pictures for two positions (i.e., two pairs of images), as depicted in Figure 2.4. Then, linear methods enable for the determination of the transformation matrix [T s ] through the analysis of images for translation motion of the calibration target [9,47]. Finally, the approach is validated by applying known displacements to the calibration target and comparing it with 3D measurements computed with local stereoDIC codes. If two pairs of images are usually sufficient to calibrate the stereo-rig, it is common to use 50 or more positions of the target to calibrate the stereo-rig to overcome noise [28].

Another approach is a one-step calibration algorithm that simultaneously calibrates the two projection matrices and the linear transformation matrix based on non-linear optimisation algorithms [9]. Last, calibration procedures for stereovision systems using DIC measurements were reported. Luo et al. [48] proposed to acquire images of a 2D speckled calibration object at several positions, using a micro-positioning XYZ linear stage, and measure the corresponding 2D displacements thanks to local DIC algorithm. The authors obtained, with the use of DIC, a 2D point cloud per camera and per position, enabling the definition of a "3D" calibration object. This type of approach showed good results for object of standard size as well as for larger structures [49].

To summarise, several approaches have been developed over the last decades to successfully calibrate monovision and stereovision systems (extrinsic and linear intrinsic parameters, with sometimes the addition of distortion corrections), using local descriptions of the surfaces (i.e., a 3D point is considered independent from another one), whether it is for the calibration object or the tested sample itself in the case of self-calibration procedures. The next section will describe calibration methods for other descriptions of the surfaces and its advantages.

Global approaches for calibration in a multiview framework

Global approach for calibration is based on dense descriptions of the surface of the calibration object or the sample [50]. The parametrisation can be a mathematical description of the object, such as a cone or a sphere [51], where projection matrices of a stereo-rig are calibrated from the 3D Euclidean coordinates of points belonging to the calibration object (i.e., satisfying the surface equation of the object). For this approach, more than one pair of images is needed to successfully calibrate the stereovision system and then measure consistent 3D displacements.

An alternative dense description of an object used surface patches [52][53][54], obtained from dense 3D points and meshed with Delaunay triangulation. Such approach can especially be convenient when dealing with the calibration and measurement on large structures such as buildings. Global approaches for camera calibration have been developed based on two surface descriptors commonly used for mechanical computations, that are Non-Uniform Rational B-Splines (NURBS) and Finite-Element (FE) meshes. First, Beaubier et al. [55] proposed a self-calibration procedure for the automobile industry using the Computer Aided Design (CAD) model of a car roof observed by two cameras of a stereo-rig. CAD models use NURBS parametrisation of surfaces and volumes [56] with a low number of degrees of freedom. The approach was based on global stereoDIC and aimed at calibrating at once all projection matrices (written with an implicit model) using the image gradient of the speckled object. Moreover, an extension of the procedure was proposed by Dufour et al. [57,58] for multiview systems, involving three or more visible light cameras, and is summarised hereafter.

The setup is composed of n c (visible light) cameras that observes (totally or partially) an object. The latter is parametrised with one or several surfaces using, for instance, a NURBS formulation. The algorithm is based on the observation of a common surface S s by a camera pair. For each camera C i , defined by an implicit model of projection matrix [Π i ] (see Equation (2.10)), the projection on the image f i of a 3D point (in homogeneous coordinates) X = (X, Y, Z, 1) t gives a 2D point written in homogeneous coordinates

x i s = s i x i s , s i y i s , s i t {x i s } = [Π i ]{X} (2.18)
The chosen NURBS parametrisation enables the 3D point X to be expressed in the NURBS parametric space ξ s = (u s , v s ), corresponding to a uniform subdivision of an elementary square [0, 1] 2 , see Figure 

+ ξ s (u s ,v s ) ξ ξ ξ [Π i ] [Π j ] f i f j Camera C j FIGURE 2
.5: Determination of the projection matrices via global stereocorrelation for a given pair of cameras C i -C j and surface S s defined via its parametric space (adapted from [57]).

Thus, the global approach to calibration [55,57] aims to minimise the following functional Chapter 2. Calibration of a multi-instrumented experiment

η 2 Π k=1,n c = n s ∑ s=1 n c -1 ∑ i=1 ∑ j>i f i x i s Π i , X (ξ s ) -f j x j s Π j , X (ξ s ) 2 (2.19)
The procedure is an iterative Gauss-Newton scheme that updates the 11n c unknowns of the n c projection matrices until convergence and minimisation of the calibration residuals expressed in the parametric space. It is initialised thanks to a Singular Value Decomposition (SVD) procedure [55], which estimate the projection matrix of each camera independently, based on the 3D coordinates of (at least) six points of the object and its projection on each camera image. The global approach to calibration showed satisfactory results, as it yielded accurate 3D measurements of the sample once the self-calibration was performed [57,59].

This calibration framework was extended to hybrid stereocorrelation [60], where image pairs of different modalities can be used to simultaneously calibrate an IR camera and a visible light camera. The authors used a 3D calibration target of known geometry and quantified the effect of gray level corrections and distortions on projection matrices estimation. Moreover, the use several images of a 2D target of precise geometry at known positions (corresponding to rigid body motions) gave similar results to the calibration based on a 3D object [61]. More recently, Wang et al. [62] proposed a hybrid multiview correlation framework where a unique unbiased reference image was computed based on image analysis, enabling for a global registration of all cameras, regardless of their modality, to that unique reference image.

Global approaches may also use FE facets of the surface. Dufour et al. It is worth noting that these methods use implicit descriptions of the ideal pinhole model for the cameras, which requires to re-calibrate the whole system when the cameras move.

Regarding the distortions of visible light cameras, Dufour et al. [8], and later on Charbal et al. [65] for IR cameras, proposed to identify the parameters describing the first order of radial, decentering and prism distortions thanks to an integrated DIC procedure. Each camera records an image of a 2D calibration object of well-known geometry, taken in monovision condition (that is a camera positionned with minimal parallax effects) and is compared to a reference image, which is the numerical model of that calibration object. The procedure gives at convergence the distortion parameters, so that the images can be corrected, before being used in the global calibration approach described before.

Pierré et al. [66] developed a global approach based on FE descriptions of the surface to calibrate a visible light stereovision system. The procedure allows for the explicit calibration of the ten parameters of the pinhole model as well as the radial distortion parameter, thanks to a staggered optimisation of extrinsic parameters then both linear and non-linear intrinsic parameters.

These approaches based on dense description of the surface give good calibration and enable accurate measurements of continuous 3D displacements. They are formulated in the same framework as the one utilised in mechanical computations used in industrial applications such as the aeronautic field.

The following sections detail the calibration methods developed and used to calibrate hightemperature experiments multi-instrumented with cameras with different modalities, either in monovision configuration or for stereovision frameworks.

Calibration of a single infrared camera 2.2.1 Experiment and challenges

A dog-bone sample made of CERASEP A600 SiC/SiC composite manufactured by SAFRAN Ceramics [67] is heated at high temperatures with a flame, leading to the expansion and deflection under this 3D thermal gradient 1 . The experiment is multi-instrumented with two cameras of different modalities and a pyrometer to monitor thermomechanical fields (Figure 2.7). The temperature fields of the heated face of the material are recorded with an infrared camera FLIR A655sc with a calibration range of 300°C to 2,000°C at a frequency of 6.25 Hz. The maximum temperature of the front face of the composite is monitored with a pyrometer with an acquisition frequency of 0.2 Hz. The edge of the sample (speckled with black and white paints) is monitored with an optical camera (Aramis 5 MegaPixels 2448 x 2050 with an objective lens Schneider Kreuznach Titanar of 50 mm, acquiring images at a frequency of 1.07 Hz) to measure the 2D displacements of the observed surface. In the following development, only the thermal data acquired by the infrared camera are considered. The acquisition of infrared data starts at room temperature. The sample is then heated with a flame up to ≈ 1,300°C and the maximum temperature is stabilised for 170 s.

In order to compare the measured temperatures with a model (e.g., computed from a Finite Element model), the data need to be analysed in the same coordinate system. In the experimental configuration, the infrared camera is inclined (horizontally and vertically), leading to a parallax effect. Figure 2.8 illustrates the importance of taking into account this effect. If only a conversion from mm to pixel is considered (which is classically performed when using one camera) along with a small rotation of -0.01 rad with the top left corner as centre of rotation, the 3D model of the sample surface cannot be projected onto the IR image. Hence, the infrared camera needs to be calibrated to correct the parallax using the pinhole model and its associated projection matrix. The next section introduces the procedure developed for this purpose.

Self-calibration of an IR camera with a flat sample

An algorithm is proposed to calibrate the IR camera using the tested CMC sample. In this study, the rotation matrix is expressed using the Tait-Bryan (or Cardan) angles (φ, θ, ψ) (yaw, pitch, roll) with the convention XY Z". The projection matrix [Π] defined in Equation (2.10)) is consequently defined by the ten following independent parameters: six extrinsic parameters (φ, θ, ψ, t x , t y , t z ) positioning the camera in the space and four intrinsic parameters ( f x , f y , c x , c y ) related to the camera optics. Therefore, the procedure aims to find these 10 parameters. Using this explicit formulation of the projection matrix, the 2D positions

(x i c , y i c ) (in pixels) of the projection of a 3D point M i of coordinates (X i W , Y i W , Z i W ) is expressed as          x i c = a • X i W + b • Y i W + c • Z i W + f x t x + c x t z sin θ • X i W -sin φ cos θ • Y i W + cos φ cos θ • Z i W + t z y i c = d • X i W + e • Y i W + g • Z i W + f y t y + c y t z sin θ • X i W -sin φ cos θ • Y i W + cos φ cos θ • Z i W + t z (2.20) with                    a = cos θ cos ψ f x + sin θc x b = (sin φ sin θ cos ψ + cos φ sin ψ) f x -sin φ cos θc x c = (-cos φ sin θ cos ψ + sin φ sin ψ) f x + cos φ cos θc x d = -cos θ sin ψ f y + sin θc y e = (-sin φ sin θ sin ψ + cos φ cos ψ) f y -sin φ cos θc y g = (cos φ sin θ sin ψ + sin φ cos ψ) f y + cos φ cos θc y (2.21) 
The algorithm, described in Figure 2.9, is based on the minimisation of the residuals between the positions of specific points of the sample on IR images (x i m , y i m ) and the predicted positions (x i c , y i c ) of the corresponding physical points on the IR images. Since a single plane is not sufficient to calibrate a camera [26], the procedure uses different configurations of the sample, namely the reference state (corresponding to a plane) and several deformed states (multiple 3D shapes to reduce the effect of noise).
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Coordinates of measured over time:

(x i m (t k ), y i m (t k ))
Corresponding points in 3D reference model:

(X i W , Y i W , Z i W ) Thermo-mechanical FE computation
Corresponding points in 3D deformed model:

(X i W (t k ), Y i W (t k ), Z i W (t k ))
Current parameters {p it } Projected points:

(x i c (t k ){p it }, y i c (t k ){p it })
Functional to minimise (for each point i at several instant k):

{R{p}} = x i m (t k ) -x i c (t k ){p it } y i m (t k ) -y i c (t k ){p it }
Sensitivity fields (for each point i at several instant k):

[S{p}] = ∂R ∂p 1 • • • ∂R ∂pn
Evaluation of sensitivity fields for current parameters {p it }:

[S] = [S{p it }]

Hessian matrix [H] and associated Tikhonov regularising matrix [H Tik ]

Evaluation of residuals for current parameters {p it }: {r} = {R{p it }} Right-hand member {B} and associated Tikhonov regularising vector {B Tik }

Linear system:

{δp it } = ([H] + [H Tik ]) -1 ({B} + {B Tik }) Update: {p it+1 } = {p it } + {δp it } {δp it } ≤ p ? Converged {p} yes no 1 FIGURE 2.9: Infra-Red camera calibration algorithm.
It is an iterative Gauss-Newton procedure with an additional Tikhonov regularisation. To calibrate the parameters {p} of the projection model, the physical points need to be chosen in the volume. Since the sample is deformed during heating, it is possible to calibrate the camera using the flat sample itself by considering IR images acquired during the experiment. Therefore, the 2D positions (x i m (t k ), y i m (t k )) of specific points such as corners (which are well defined in IR images) are measured for several time increments t k . The 3D coordinates of the corresponding points in the deformed configuration are obtained thanks to a thermomechanical FE computation for similar time increments. Using the current estimate of the parameters, the positions (x i c (t k ), y i c (t k )) of projected points are obtained for each step. Thus, the functional to minimise writes

η 2 ({p}) = K ∑ k=1 N ∑ i=1 x i m (t k ) -x i c (t k , {p}) 2 + y i m (t k ) -y i c (t k , {p}) 2 (2.22)
The parametric residual vector {R{p}} is defined as

{R{p}} =                          x 1 m (t 1 ) -x 1 c (t 1 , {p}) y 1 m (t 1 ) -y 1 c (t 1 , {p}) . . . x i m (t k ) -x i c (t k , {p}) y i m (t k ) -y i c (t k , {p}) . . . x N m (t K ) -x N c (t K , {p}) y N m (t K ) -y N c (t K , {p})                          (2.23)
Since the parametric residual vector {R{p}} is a function of the sought parameters {p}}, it is possible to write the exact partial derivative of this vector with respect to each parameter p j , hence the parametric sensitivity matrix [S{p}]

[S{p}] = ∂R ∂p 1 • • • ∂R ∂p j • • • ∂R ∂p 10 (2.24)
Considering the current estimate of the parameters, the residual vector {r} and the sensitivity fields [S] are computed. The Hessian matrix [H] and the right-hand member {B} are then evaluated as

[H] = [S] [S] {B} = [S] {r} (2.25)
The Hessian matrix is shown in Figure 2.10 and its dimensionless eigenvalues with the associated eigenvectors are presented in Figure 2.11. The Hessian matrix is represented as a square matrix of size the number of parameters, where the values of the absolute matrix are expressed in logarithmic scale (base 10) and where the sign of the components (plus or minus) of the matrix is plotted for each component. Thus, the higher the value of the component of the diagonal of the Hessian matrix, the higher the sensitivity of such parameter.

The off-diagonal terms represent the couplings between parameters. When analysing this matrix, some points arise:

t x t y t z f x f y c x c y t x t y t z f x f y c x c y
• The problem is poorly conditioned. The condition number κ([H]) that is the ratio between the largest eigenvalue λ max of [H] and the lowest eigenvalue λ min of [H]) is equal to 3 × 10 13 (Figure 2.11(a))

• The most sensitive parameters are the angles (φ, θ, ψ). The eigenvectors associated with the three largest eigenvalues of [H] are mainly described by these parameters, as seen on Figure 2.11(b).

• The other seven parameters contribute to the other eigenvectors (not sensitive) and are coupled. Consequently, their direct identification appears more difficult.

Therefore, to overcome the bad conditioning of the Hessian matrix, an additional Tikhonov regularisation [68] is implemented

     λ tik = λ max × 10 itik [H Tik ] = λ tik [I] {B Tik } = λ tik ({p 0 } -{p}) (2.26)
The value of the power itik sets the weight of Tikhonov regularisation with respect to the largest eigenvalue of the Hessian matrix. The correction of the parameters is then computed for current iteration it

{δp it } = ([H] + [H Tik ]) -1 ({B} + {B Tik }) {p it+1 } = {p it } + {δp it } (2.27)
and the parameters are updated. Therefore, Tikhonov regularisation modifies the search direction (global Hessian matrix), so that the latter is conditioned by the largest eigenvalues, and penalises a deviation from the initial set of parameters. The algorithm runs for a given itik value until the root mean square of the parameter corrections reaches a fixed value (here chosen as 10 -4 for the angles (φ, θ, ψ) and 10 -2 for the other seven parameters).

To ensure the good convergence of the minimisation problem, the power itik is set to -1 at the beginning of the procedure so that the most sensitive parameters converge. Then, the regularisation is relaxed by progressively decreasing the value of itik with a step of -1 from -2 to -9. For each itik value, the inner algorithm (described in Figure 2.9) is initialised with the converged parameters of the previous Tikhonov step and converges to a more accurate solution, which reduces the residuals step by step. If the root mean square of residuals reaches a given criterion, the procedure exits and returns the sought parameters. Otherwise, the value of itik decreases and a new identification step begins.

It is worth noting that the identified set of parameters at the end of the complete procedure is not unique since the identification is performed with a given scale factor. However, this procedure allows for the convergence to one of the global minima and at a satisfactory level of residuals, as presented in the following sections.

Results

Numerical validation

In this section, the algorithm is applied to a test case. An image (corresponding to a time increment of the steady state computation) is generated by projecting the deformed FE mesh of the sample surface with a set of known parameters, denoted {p true }. Once this image is obtained, 14 remarkable points (corners, fillet radius) are selected by the user and their positions are collected (clicks on image). The corresponding 3D points are located on the deformed FE mesh.

The algorithm is initialised with a set of parameters {p 0 } such that

0.8 × p true j ≤ p 0 j ≤ 1.35 × p true j , with j ∈ [1; 10] (2.28)
The projection of the FE mesh with the initial parameters is illustrated in Figure 2.12. The black squares correspond to the numerical image (pixelated projection of the FE mesh with {p true }) and the crosses corresponds to the 14 measured remarkable points (in cyan). Three of those points were coloured in black, red and magenta, corresponding respectively to the points no. 1, 13 and 14. The projection of the FE mesh with the current estimate of parameters at iteration it {p it } is represented with blue points and the projection of the 14 specific points is illustrated with rings (coloured in black, red and magenta respectively for the points no. 1, 13 and 14, and in cyan for the other ones).

FIGURE 2.12: FE mesh projection with initial parameters.

At initialisation, the root mean square residual is equal to 25.7 pixels. The algorithm runs with several Tikhonov relaxations, for a itik ranging from -2 to -9 until the convergence Chapter 2. Calibration of a multi-instrumented experiment criterion on the root mean square residuals is reached (here taken equal to 10 -2 pixel). The procedure converges after 48 iterations over eight Tikhonov relaxations with a level of root mean square residual of 3.7 × 10 -3 pixel, which is acceptable (Figure 2.13). As expected, the most sensitive parameters (i.e., the angles) converge to the true values. For the first two Tikhonov regularisations, only these parameters change, which is consistent with the Hessian analysis (Figure 2.10). Regarding the other parameters, the converged values are close to the true values, except the x and y translations and the optical centre position. Since the solution is not unique (and these parameters are coupled), another set fits where the error on t x and t y is compensated by an offset on c x and c y , leading to very low residuals. To summarise, the error made on the six parameters φ, θ, ψ, t z , f x and f y is of the order of 0.5% and on the last four parameters t x , t y , c x and c y of 7%, which validates the developed approach.

Calibration of IR camera for the studied experiment

In this section, the calibration is conducted using seven IR images from the experiment described in Section 2. The algorithm was able to calibrate the IR camera and correct for parallax effects induced by the experimental setup, by using the deformed sample and several IR images. The computed and measured temperature fields can now be compared in the same coordinate system R S .

Calibration of stereovision system with an in-situ calibration target 2.3.1 Multiview experiment

The second experimental setup2 used to analyse the thermomechanical behaviour of SiC/SiC composite is described hereafter. A parallelepipedic sample made of CERASEP A600 SiC/SiC composite manufactured by SAFRAN Ceramics [67] was heated at very high temperatures thanks to a CO 2 laser beam [70]. Under such thermal gradients, the material expands and deflects. To measure the thermomechanical fields of the sample, a set of four cameras was installed ( To measure the 2D displacements of the edge and the 3D surface displacements of heated Chapter 2. Calibration of a multi-instrumented experiment face, the sample was speckled with a white paint that is resistant to very high temperatures 3 . As seen in Figure 2.22, the CMC sample top surface is partially speckled, with an unspeckled central part corresponding to the heated area and speckled parts on both sides of the sample. Therefore, the speckle pattern does not perturb temperature fields in the hottest area and the displacements can be measured on both sides of that part (especially on the free edge, where the amplitude of displacements is the highest). In addition, a tailored calibration target is kept next to the sample, so that it is partially or totally seen by all cameras. Finally, to complete the setup, a fan that can be turned on and off is positioned in front of the sample free edge. A reference frame (XYZ) (depicted with green arrows in Figure 2.22) is defined for that experiment, so that the in-plane movements of the sample correspond to the Y and Z components of displacements measured by stereoDIC, and the out-of-plane displacements to the X component.

The experiment are divided into three main steps:

1. First, images are acquired at room temperature for different positions of the calibration target and the sample. The sequence of prescribed in-plane displacements is conducted thanks to the in-plane YZ micro positioning stage available on the setup.

For each of the 23 positions (Table 2.1) and referred to "calibration step", approximatively 15 images are recorded. This procedure is repeated when the fan is turned on to quantify its effect on heat waves mitigation, as commonly used in reported hightemperature experiments [71][72][73][74]. The 707 images acquired during the calibration phase (without or with fan) are analysed in Sections 2.3.3.2 and 3.4.1. Step About 50 images are first acquired at room temperature, then the cameras record both transient and steady state phases of each heating level (≈ 450 images per temperature level, of which 300 correspond to the steady state) until laser interruption and cooldown to room temperature. Hence approximatively 1,600 IR images and 1,700 images per visible light camera are acquired for this phase.

Y disp. (mm) Z disp. (mm) 1 0 0 2 -1×10 -3 0 3 -2×10 -3 0 4 -5×10 -3 0 5 -0.01 0 6 -0.05 0 7 -0.1 0 8 -0.5 0 9 -1 0 10 -2 0 11 - 4 
3. The third step corresponds to a heating phase realised when the fan is on. The experimental conditions are very close to those of the second step -the temperature levels are similar but not equal, since the addition of a fan slightly reduces the maximum temperature by 20 to 30°C. About 2,300 images are recorded per visible light camera and 1,600 IR images are acquired for this phase, with additional visible light images acquired during cooldown at the end of the heating process.

Thus, for this experiment, more than 14,000 visible light images and about 3,900 IR images are acquired, which represents approximatively 75 Go of data.

The following section focuses on the calibration of the two visible light cameras of the stereovision system using the global approach to stereocorrelation introduced in Section 2.1.3.

Calibration target

As seen in Section 2.1.2, there are two types of calibration procedures. Since the sample surface is planar and does not deform much, self-calibration is discarded. Therefore, to calibrate the stereovision system, a new calibration target (Figure 2.24) was designed. Chapter 2. Calibration of a multi-instrumented experiment One face of the calibration target is composed of a series of six inclined planes with a vertical offset of 3 mm, corresponding to the cameras field of depth. The shape of the opposite face is identical, with an offset of 1 mm. The object is speckled with black paint RAL 9005 by Ront and seen by all cameras during the whole experiment, so that global stereocorrelation can be used for calibration and later for displacement measurements. The calibration target that includes 14 corners at different heights within the field of view of the cameras allows for a good initialisation of the projection matrices, denoted by [Π 1 ] and [Π 2 ], and the calibration of the stereovision system with a single pair of images. Moreover, this shape allows a calibration within a volume corresponding to the expected deformation of CMC samples.

To perform the calibration step, the real model of the manufactured calibration target was identified. First, a 3D surface measurement is performed using a Coordinate-Measuring Machine. For each main facet of the object (inclined planes, denoted as F i in Figure 2.25), the space coordinates of 50 points, uniformly distributed over the surface, were acquired. For each of the two small surfaces (horizontal planes S i ), 10 points are acquired. Hence, a total of 620 points is used to build the model of the calibration target. Then, an algorithm based on least squares approach and least distances method was implemented to find the best surface fitting all points of a facet. A surface is modelled as a plane (P i ), whose parametrisation {p} = (A B C) is unknown

(P i ) : X = A • Y + B • Z + C (2.29)
The algorithm, described in Algorithm 1, aims to find the parameters that minimise the distance between the measured points and the sought plane.

Algorithm 1 Calibration target model based on CMM measurements

procedure OPTIMAL SURFACE MODELLING 2: n = a, b, c R 0 , P(x p , y p , z p ) CMM initialisation of a plane (P i ) {p} ← - b a , - c a , - -x p a -y p b -z p c a Initialisation of parameters 4: [Π 1 tot ] ← [I] 3 Initial projection matrix for first iteration [{X}, {Y}, {Z}] ← [{x k m }, {y k m }, {z k m }]
Coordinates of the N k measured points expressed in initial reference R 0 of basis (e 1 , e 2 , e 3 )

6:

while δp > do [S] ← [{Y}, {Z}, {1} N k ×1 ]
Sensitivity fields 8:

{p} old ← {p} {p} ← [S] -1 {X} Linear system 10: δp ← {p} old -{p} For convergence check {u 1 } ← 1, -p 1 , -p 2 , {u} ← {u 1 } {u 1 } Reference vector {u} from current plane parametrisation 12: {u 2 } ← p 1 , 1, 0 , {u 3 } ← {u 1 } × {u 2 } Complete new basis {v 1 } ← {u 2 } - {u 1 } {u 2 } {u 1 } {u 1 }, {v} ← {v 1 } {v 1 } 14: {w 1 } ← {u 3 } - {u 1 } {u 3 } {u 1 } {u 1 } - {v 1 } {u 3 } {v 1 } {v 1 }, {w} ← {w 1 } {w 1 } Gram-Schmidt orthonormalisation for new reference R of basis (u, v, w) [P] ← [{u}, {v}, {w}]
Associated projection matrix for current iteration it

16:

[Π it tot ] ← [P] [{X}, {Y}, {Z}] ← [[P] -1 [{x k m }, {y k m }, {z k m }]] Coordinates of measured points in R 18:
end while

[P conv ] ← N it ∏ it=1 [Π it tot ] Associated projection matrix from R 0 to reference at convergence R conv 20: [H conv ] ← [P conv ] -1 {p conv } ← - H conv 1,2 H conv 1,1 , - H conv 1,3 H conv 1,1 , p 3 H conv 1,1
Parameters at convergence 22:

{ρ conv } ← { |X m k -p conv 1 Y m k -p conv 2 Z m k -p conv 3 | 1 + p conv 1 2 + p conv 2 2 } Distance residual vector at convergence return {p conv }, [P conv ], {ρ conv } 24: end procedure
It is a two-step algorithm, where the first step is based on least squares fit between the measurements and the estimated plane and the second step is based on least distances method, to update the plane normal direction. The algorithm is initialised by plane models identified by the CMM software, which gives the normal vector to the plane and a point belonging to it. At each iteration, the parameters are directly estimated thanks to the sensitivity fields, which depend on the coordinates of the measured points expressed in the reference frame R (of basis (u, v, w)) used at the iteration it. The new basis (u, v, w) is constructed from the estimated parameters through a Gram-Schmidt orthonormalisation and the coordinates of measured points expressed in that new basis, using the associated elementary projection matrix [Π it tot ]. At convergence (i.e., when the RMS parameter updates reach a convergence criterion), all elementary projection matrices are combined and give the converged parameters. It can be noted here that the problem to solve is linear. However, the RMS errors are reduced by 1 to 18 µm for some faces. Consequently, a better parametrisation of the surface is achieved and minimises the distance of the measured points to the sought plane. Once the optimisation of each face model is performed, all planes are combined to determine the corners of every facet. Then, the global model for the calibration target is constructed and can be expressed for different frameworks, either using an FE (T3) mesh or NURBS patches (Figure 2.27). 

Calibration of the visible light cameras 2.3.3.1 Procedure and results

The approach used herein follows the one described in Section 2.1.3. Based on the work of Refs. [55,63,64], the procedure aims to minimise the functional introduced in Equation (2.19) and calibrate the projection matrices [Π 1 ] and [Π 2 ]. Therefore, an iterative Gauss-Newton algorithm solves the linear system to correct {µ}, that is the vector gathering the 11 terms of both projection matrices (the parameter Π i 34 of each camera i being set)

{δµ} = [H Π ] -1 {B Π } (2.30)
where [H Π ] is the global Hessian matrix of size 22 × 22

[H Π ] = [G Π ] t [G Π ] (2.31)
and {B Π } (of size 22 × 1) is the global right-hand member gathering the residual vector {r}

(size n PI × 1) {B Π } = [G Π ] t {r} (2.32) {r(u, v)} = { f 1 x 2 s ([Π 1 ], X (ξ s )) -f 2 x 2 s ([Π 2 ], X (ξ s )) } (2.33)
A 3D point X is expressed in the parametric space ξ s = (u s , v s ), gathering n PI evaluation points (u, v), so that the gray level value and gradient can be computed. The matrix [G Π ] (of size n PI × 22) is expressed thanks to image gradients and the sensitivity fields with respect to the terms of projection matrices

[G Π ] = [{ n c =2 ∑ i=1 (∇ f i • ∂{x i s } ∂µ j ([Π i ], X (ξ s ))}] (2.34)
The calibration procedure uses here an FE formulation of global stereoDIC. The algorithm was implemented in a Matlab environment using C++ kernels. The convergence criterion was chosen so that the RMS of parameter corrections {δµ} is less than 10 -5 . It can be noted that an additional Tikhonov regularisation, such as the one introduced in Section 2.2.2, is implemented. However, in this case, the penalisation value is not relaxed and fixed at 10 -2 .

The surface input chosen to calibrate the implicit models of stereo-rig cameras is a fine mesh of the calibration target, composed of 558 T3 elements of approximate size 2. The procedure is initialised with a direct estimation (by SVD [75,76]) of the projection matrices, using the 3D positions of the 14 corners of the object and their associated projection on each image. The associated gray level (GL) residuals using this initialisation of the projection matrices are shown in Figure 2.30 for each camera. As observed in Figure 2.31, the first 40 iterations are those improving significantly the projection matrices identification (reduction of residuals by ≈ 70%). After 1,000 iterations, the updates on projection matrices have not effects on GL residuals. Thus, a less strict convergence criterion can be used for future works to reduce the computation time. At the end of the optimisation procedure, the calibration approach (based on a dense parametrisation of the calibration target model) converges to a solution that considerably reduced the residuals (Figure 2.32) to an RMS level of 3.1 GL (i.e., 1.2% of the dynamic range). However, it can be observed that a gradient exists on residuals maps for both cameras, with higher amplitudes on the free edge part of the calibration target. This may come from different lighting conditions for each camera. Performing a calibration where the nonconservation of brightness between both cameras is investigated [60] could improve even more the residuals. Yet, since the RMS residuals are already quite low, it was not investigated and the cameras are now considered calibrated.

The next section introduces the method to validate the calibration procedure.

Validation of calibration procedure

To assess the validity of the previous calibration procedure, the images taken during the calibration step with the fan on (see Section 2.3.1) are analysed. The 3D surface displacements of the calibration target are measured with a global stereocorrelation approach [63] in an FE framework, implemented in the same numerical environment as in Section 2.3.3.1. The approach aims to measure 3D displacement fields, spatially parametrised via the FE mesh of the observed surface, that will minimise the global residuals (i.e., for all cameras) between images of the reference state (denoted f i for each camera i) and images g i acquired by the n c cameras of the deformed configuration (Figure 2.34). x s 1 ( )

x s 1 x s 1 y s 1 , [Π 1 ] [Π 2 ]
FIGURE 2.34: Measurement of 3D surface displacement by FE stereoDIC procedure between a pair of reference images ( f 1 , f 2 ) and a pair of deformed images (g 1 , g 2 ) (adapted from [63]).

The functional to minimise writes

η 2 ({a}) = n s ∑ s=1 n c ∑ i=1 g i x i s,0 [Π i ], X (ξ s ) + u i s [Π i ], X (ξ s ) , {a} -f i x i s,0 [Π i ], X (ξ s ) 2 (2.35)
The 3D displacements are parametrised as

u = ∑ k a k • θ k (X) (2.36)
where {a} = {a k } is the vector gathering the unknown amplitudes and θ k (X) are the FE shape functions. The functional is linearised, so that the iterative linear system to solve is Chapter 2. Calibration of a multi-instrumented experiment written, for n c cameras, as

{δa} = n c ∑ i=1 [M i ] -1 n c ∑ i=1 {B i } (2.37)
where, for each camera i, the Hessian matrix [M i ] (of size (3N n × 3N n ), with N n the number of nodes of the FE mesh), and the right-hand side member {B i } (of size (3N n × 1)) are expressed as

M i kl = n s ∑ s=1 ∇ f i • ∂u i s ∂a k (X (ξ s )) ∇ f i • ∂u i s ∂a l (X (ξ s )) (2.38) B i l = n s ∑ s=1 ∇ f i • ∂u i s ∂a k (X (ξ s )) gi u (X (ξ s )) -f i (X (ξ s )) (2.39)
The Gauss-Newton algorithm solves iteratively Equation (2.37) until reaching a convergence criterion on the RMS of {δa} (set here at 10 -5 mm). The initial displacement amplitudes {a 0 } are set using the prescribed rigid body motions (see Table 2.1).

The mesh used to measure the displacements is the one presented in Figure 2.28, with 528 evaluations points per element (i.e., an evaluation point has approximatively the size of one pixel). This surface model of the calibration target is considered as the real one (thanks to the CMM measurements), so that no shape correction has to be performed. At convergence of the displacement measurements, the RMS gray level residuals reaches a value of 0.5% of the dynamic range (1.3 GL) to 1.8% of the dynamic range (4.6 GL). As seen in Figure 2.35, the residuals increase with the displacement amplitudes. Moreover, one can note this drift is more important when the calibration target moves along the longitudinal direction Y (images no. 1 to no. 166) than the transverse direction Z. This effect will be explained hereafter. In addition, when plotting the residual fields per displacements for different prescribed levels (see Figures 2.36 = 2 mm), it can be seen that the fields are smooth for both amplitudes, hence a good convergence of stereoDIC procedure. The small spot of higher value in residuals map associated with the first camera in Figure 2.37 may come from dust on the objective lens. However, a slight gradient in residuals can be noted in Figure 2.37 for both cameras. Thus, the possible explanation to that residuals drift is that the calibration target is not illuminated as in the reference position and, as it is moved with higher amplitudes along the Y-axis, leaves the area enlightened by the lighting device. Since corrections to brightness and contrast are not implemented in FE-stereoDIC procedure, this leads to (slightly) higher residuals. For each case, the measurements are consistent with the prescribed displacements. However, it can be noted that the amplitudes of other components are not equal to zero, which indicates the existence of a misalignment between the calibration target and the axes of the micro-positioning linear stage. This effect can also be seen on the nodal displacements (measured for the 346 images), shown in Figure 2.41. However, the measured in-plane displacements u y and u z are consistent with prescribed displacements, consequently the calibration procedure is deemed valid. In particular, when focusing on the smallest displacement amplitudes (Figure 2.42), measurements of displacements of magnitude 2 µm are feasible for the longitudinal displacement u y . It is not as clear for the transverse component u z (even if measurements of 5 µm displacements seem possible), hence the sensitivity to measurements is lower for u z than for u y . This can be explained by the global rectangular shape of the calibration target, for which the width (in Z-direction) is three times smaller than the length (in Y-direction).

Examples of displacements fields measured on the calibration target are shown in

u y = 0µm
presc.

-1µm -5µm -2µm -10µm

(a) Consequently, the previous calibration procedure is validated and allows for measurements of small displacements from 2 to 5 µm of the calibration target. The calibration could be enhanced by updating the scale parameters for each projection matrix, thanks to these measurements, as performed in [60]. This was not investigated here since the calibration procedure already gives reliable 3D displacement fields, from 2 µm to several mm. The exploitation of the measurements of the calibration target will be discussed more extensively in Chapter 3.

u z = 0µm presc. 1µm 5µm 2µm 10µm (b) 
In addition, the displacements during the calibration step are also measured for the CMC sample, in order to increase the confidence in previous results. The first step consists in CMC shape correction and expression of its model in the calibration target reference, where the stereo-rig has been calibrated.

The procedure for the FE framework (Figure 2.43), developed by Dubreuil et al. [64] and based on previous works of Dufour et al. [57] on NURBS parametrisations of surfaces, seeks to determine the (new) nodal positions N k of the surface FE mesh by globally minimising the functional 

η 2 (N k ) = n s ∑ s=1 n c -1 ∑ i=1 ∑ j>i f i x i s (N k , X (ξ s )) -f j x j s (N k , X (ξ s )) 2 (2.
Z (mm) 3D space + X (N i ) N i y s 1 (pixels) (pixels) (pixels) (pixels) + f 1 f 2 y s 2 x s 2 x s 1 Camera 1 Camera 2 ( ) x s 1 N i [Π 1 ] [Π 2 ] ( )
x s 2 N i + FIGURE 2.
43: Shape correction of a FE mesh with global approach using a pair of reference images ( f 1 , f 2 ) (adapted from [64]).

Since the goal here is to correct the global position of the CMC with respect to the calibration target, the FE mesh is simple, made of two T3 elements covering the CMC surface. Because one element size is big, a large number of evaluation points (i.e., 8,256, corresponding to 128 per edge of an elementary T3 facet) is considered for gray level gradient computations. The node positions are initialised using distances between the sample and the calibration target taken during the experiment. This initial model leads to an RMS residual of 12.1 GL, corresponding to 4.7% of the dynamic range (Figure 2.44). These maps show that the residuals are higher on the right part (free edge) of the sample with a line of evaluation points with very high residuals. They indicates that the real model of the CMC sample is shorter and needs to be corrected. At convergence of the approach (with a criterion on the RMS of nodal position corrections of 10 -5 mm), the residuals reduced to 2.1% of the dynamic range (i.e., 5.3 GL) and the previous errors at the free edge were almost totally erased, as shown in Once the positioning of the sample is corrected, it is possible to measure its 3D surface displacements. A fine mesh is used with 498 T3 elements of mean size 2 mm. To avoid convergence issues on displacement measurements, this CMC mesh will not contain the unspeckled part and a line of nodes at the clamped edge, since they are hidden on one camera. Figure 2.47 shows the mesh with its projection onto images of the stereo-rig. The FE stereoDIC procedure is run using 528 evaluation points per element and with a convergence criterion of 10 As for the calibration target, measurements on the CMC sample are in good agreement with the prescribed displacements (Figure 2.49). It allows therefore the calibration to be validated also on the area where the sample is located. In addition, the misalignments between the linear stage axes and the two surfaces can be evaluated from this figure. It is equal, for the calibration target, to 1.3°for the rotation along Z-axis (downward), 1.5°for the rotation along X-direction (to the left) and 0.3°for the rotation along Y-axis (tilt). For the CMC sample, the measured angles are of same magnitude: 1.1°for the rotation along Z-axis (downward), 1.3°for the rotation along X-direction (to the left) and 0.4°for the rotation along Y-axis (tilt). Consequently, regarding the good correspondence between applied rigid body motions and displacement measurements with stereoDIC, the calibration is now considered to be validated to analyse the images taken during the experiment and to measure displacements on both calibration target and CMC sample surfaces.

Evolution of the projection matrices during the experiment

The previous section presented a calibration procedure using the first image acquired during the experiment. This calibration is usually set and used to measure 3D displacements for the CMC sample for the entire test. However, since the calibration target is observed by stereovision system during the whole experiment, it is in particular interesting to rerun the calibration procedure using the last images of the experiment, taken after several hours, and Chapter 2. Calibration of a multi-instrumented experiment see if it is reasonable to consider the projection matrices independent of time (regarding the extrinsic parameters).

The procedure is run using the same inputs as for Section 2.3.3.1, with the last images acquired by the stereo-rig and initialised with the projection matrices estimated with SVD in Section 2.3.3.1. The algorithm converges to a solution close to previous one, with a similar level of residuals (about 3.10 GL). Figure 2.50 shows the projection of calibration target mesh onto images of both cameras, using either the initial projection matrices [Π Small differences between the projected nodal positions with initial projection matrices and last projection matrices (δx i s , δy i s ) = (x 1 s,init -x 1 s,end , y 1 s,init -y 1 s,end ) are evidenced, which can be plotted as 2D displacements for each camera i (Figure 2.51). The global RMS error between nodal projections is equal to 0.2 pixel, which is significant. In addition, it appears that the most substantial differences are the ones on the horizontal position x s (Figure 2.51(a)) on the edges between the inlined planes, with amplitudes of ≈ 0.6 pixel. Positive values correspond to the outer edges and negative values to the inner edges. This difference may come from motions of stereo-rig (loosened micro-screws). However, it is more appropriate to quantify the effect on CMC sample displacement measurements during the experiment to assess whether it is better to use the newly computed projection matrices. Thus, temporal nodal displacement differences between displacements measured with the initial projection matrices and the final ones are plotted for each component (Figure 2.52), along with displacement fields for a measurement computed at room temperature (Figure 2.53) and for the highest temperature level (Figure 2.54). The measurements differ from less than 1 µm at room temperature for the three components of displacements to 3 to 6 µm for the highest temperature level, with zero mean for the outof-plane component u x and the longitudinal displacement u y . The next chapter will prove that this measurement error is less significant compared to the predominant source (heat haze effect).

Consequently, the re-calibration of the stereo-rig is not considered necessary in this case and all further analyses will be performed using the initially optimised projection matrices.

Simultaneous calibration of four cameras

Section 2.3.3 presented the procedure to calibrate stereovision systems (using the new calibration target) of the multi-instrumented experiment involving three visible light (VL) cameras and one IR camera. The IR camera can be calibrated, based on the calibration target model, using the procedure introduced in Section 2.2.2 and the third VL camera (in monovision configuration) can be calibrated using a simple mm to pixel conversion based on sample thickness (or known displacements [77]).

However, it could be interesting to investigate a multiview and multi-modal calibration with all four cameras, in order to reduce overall displacement uncertainties for the CMC sample. Thus, the purpose of this section to assess the feasability of this procedure. The following discussion is based on results obtained with a NURBS-based stereoDIC algorithm entirely implemented in a Matlab environment [58].

First, the calibration procedure is performed using the NURBS model of the calibration target (see Figure 2.27(a)) and corresponds to the reference case. The second case consists in the calibration procedure based on combined models of the calibration target and the CMC sample surface(well positioned in calibration reference frame, thanks to the shape correction carried out in Section 2. Using both surfaces to calibrate the stereovision system ensures a good calibration on a larger area, since the converged gray level residuals have similar levels as the reference case (i.e., about 1.75% of the dynamic range). Second, to calibrate all four cameras at once, it is necessary to pre-process IR and visible light images, so that the dynamic ranges are dimensionless (of range [0; 1]) and all images can be compared to each other. For IR image, the renormalisation is performed in the area of interest where the calibration target and the sample surfaces are visible (Figure 2.56). The calibration target exhibits some texture (Figure 2.57(a)), which can be explained by the emissivity differences between the black speckle pattern and the aluminium background. It is not the case for CMC sample (Figure 2.57(b)), which will possibly hinder the calibration procedure.

Chapter 2. Calibration of a multi-instrumented experiment Thanks to this model, it is possible to compute residuals everywhere (Figure 2.59) since every surface of the model is seen by at least two cameras. However, because there is not enough contrast on IR image, it is not possible to globally optimise the four projection matrices and the procedure leads to high levels of residuals (about 16.7% of the dynamic range). The dynamic range for the three VL cameras is approximatively 0.95 whereas it is only equal to 0.4 for IR camera (i.e., a ratio of ≈ 2.4 between the two dynamic ranges), hence a lower sensitivity of IR camera to calibration procedure. First, it is important to note that the global conditioning using global stereoDIC is quite bad, which implies that the algorithm needs to be well initialised in order to converge (hence the direct SVD pre-calibration). Second, using the combined model of the calibration target and CMC sample surface to calibrate the stereovision system does not change the Hessian matrix, since red and black curves coincide. However, the addition of the third visible light camera worsens the system conditioning, which can be explained by the fact that there is no common surface between the three cameras. Last, the addition of the IR camera to the calibration procedure enables for a better conditioning of the global Hessian matrix [H Π ] compared to a calibration where only the three visible light cameras are considered, but because of the narrowed dynamic range of IR images, the conditioning of the stereovision system (and by extension the global Hessian matrix)) is poorer.

Chapter 2. Calibration of a multi-instrumented experiment Consequently, if one wants to calibrate all four cameras in order to enhance the reliability of measured 3D displacements and express temperatures fields in a Lagragian framework as for displacements, it is necessary to improve the speckling of the calibration target and CMC sample, so that all cameras can be sensitive. Moreover, it would be more beneficial to avoid pre-processing of images and directly take into account in the global calibration formulation with images of different modalities, such as the one proposed by Wang et al. [62].

For all these reasons, the calibration of the stereovision system and the IR camera are performed separately, using procedures presented respectively in Sections 2.3.3 and 2.2.2. The images acquired by the last visible light camera will be analysed using 2D global DIC and, thanks to the knowledge of one sample dimension, displacements will be expressed in the same unit (i.e., mm) as for 3D surface displacements obtained via global FE stereoDIC. The 2D displacements of the CMC sample measured during the calibration step could also be used to perform a better calibration of this third camera [77], provided that the out-of-plane motion is minimised or quantified (which could be envisioned here, via the 3D measurements provided by stereoDIC).

Conclusions

This chapter presented two calibration procedures for multi-instrumented experiments. The determination of the projection matrix for each camera represents the first step to every measurement approach, since it is necessary to establish the relationship between the 3D world scene and 2D images. First, a calibration was performed for a single IR camera using an explicit model of the projection matrix and based on the geometry of the CMC sample itself.

The procedure leads to satisfactory results and appears robust to initialisation and noise. Second, an in-situ calibration target was designed to ensure a good calibration of a stereovision system using a single pair of images and measure small displacements, as expected for SiC/SiC composites. The procedure was validated through comparisons of measured 3D displacements with a global FE stereoDIC algorithm and prescribed rigid body motions. The use of an in-situ calibration target is in particular interesting to assess the evolution of the projection matrices along an (long) experiment, during which the stereo-rig may move. Last, a tentative of simultanous calibration of four cameras of different modalities was performed and showed what are the requested conditions to be satisfied, namely ensure good gradients for all images and use a hybrid multiview framework [62].

It can be noted that distortions were not evaluated for neither camera. Previous works have shown that the amplitudes of geometrical aberrations are higher on image borders, compared to the central part, for visible light cameras [2,8] or IR cameras [65]. The maximum amplitudes of radial distortions r 1 are expected to be of the order of 3.5 pixel [8].

Consequently, for the studied configuration, for which at high temperatures the maximum displacement u max was about 2 pixels (in 2D analyses) corresponding to ≈ 200 µm, the difference between the radial distortion field is proportional to r 1 u max /L max ≈ 1 cpixel (i.e., 2 µm), where L max is half the size of the image. This estimate is an upper bound that is of the same order than the measurement uncertainties (see Chapter 3). Thus, the measured displacements of CMC surface samples are assumed uncorrupted by distortions.

Consequently, thanks to the calibrated projection matrices, one has a 3D dense model of the SiC/SiC sample surface (either expressed in FE or NURBS formalisms) with consistent measurements expressed in the same framework. This step is essential in order to compare measurements with a numerical model and perform correlations between computations and tests.

Chapter 3

Effect of high temperatures on thermal and kinematic fields

In this chapter, the effect of high-temperature environments on measured thermomechanical fields is presented. The convection considerably affects the temporal stability of the measurements and increases their uncertainties. A description and a quantification of the heat haze effect is proposed herein, with the uncertainties it generates on both thermal and kinematic (2D or 3D surface) measurements. To assess the measurement quality of thermomechanical fields used for this study, the measurement uncertainties and fluctuations are discussed. Measurement uncertainties refer to the dispersion of the quantity value attributed to a measurand [1]. In the following discussion, the standard measurement uncertainty based on the standard deviation on the measured fields (also referred to as noise-floor level) is used as an indicator of the measurement quality and is related to noise (e.g., acquisition noise in the images), characterised by random fluctuations of null average value. All other deviations from the "true" value that are not related to acquisition noise (e.g., variations caused by heat haze effects) will be referred to as measurement fluctuations.

Presentation of heat haze effect

In this section, the main characteristics of the heat haze effect and the strategies to visualise it are reviewed. As presented in Section 1.3.1.2 of Chapter 1, the heat haze effect is an optical phenomenon that distorts the apparent location of an object and its shape, when the environment exhibits an inhomogeneous refractive index field. The refractive index is a dimensionless number representing how fast the light travels through a medium. It is defined as the ratio between the speed of light in vacuum and its celerity in the material. Two equations, proposed on the one hand by Lorenz [2] and Lorentz [3] (Equation (3.1)) and on the other hand by Gladstone and Dale [4] (Equation (3.2)), establish the relationship between the refractive index n of a material (either a homogeneous solid or gaseous phases) and its density ρ

n 2 -1 n 2 + 2 1 ρ = constant (3.1) (n -1) 1 ρ = constant (3.2)
For gaseous media of low density such as the air, both formulas are equivalent [5]. The constant of Gladstone-Dale law (Equation (3.2)), denoted by K, depends on the properties of the material and on the wavelength λ

K = Nα 0 (λ) 2 0 (3.3)
where N is the Avogadro number (6.022 × 10 23 mol -1 ), 0 the vacuum permittivity (8.85 ×

10 -12 m -3 • kg -1 • s 4 • A 2
) and α 0 the electric polarisability of an isolated gas molecule (in

C 2 • m 2 • J -1
). The values of the Gladstone-Dale coefficient K have been determined empirically for several chemical species in different conditions in terms of wavelength, pressure and temperature [6,7].

Moreover, since air can be considered as an ideal gas, its density is related to its temperature T (in K) and its pressure P (in Pa) according to

ρ = MP RT (3.4)
where R is the gas constant (8.314 J • mol -1 • K -1 ) and M the molecular mass of air (28.8 × 10 -3 kg • mol -1 ).

Consequently, for air, the refraction index mainly depends on the temperature, the pressure and the wavelength, but also on the atmospheric conditions. Thus, a complete model of its evolution law has been proposed by Edlén [8] (and extended by Birch and Downs [9]) and 3.1. Presentation of heat haze effect 117 by Ciddor [10] depending on these three parameters and for a range of relative humidity of the air (i.e., different water vapor contents) and contents of carbon dioxide. It can be noted that Ciddor's equations are assumed to be more reliable in extreme environment (i.e., with high relative humidity and high temperature) and are valid for temperatures ranging from -100°C to 100°C [10,11].

In usual experimental conditions, the air pressure does not evolve so that this parameter is often considered constant and equal to the atmospheric pressure P a = 1.013 × 10 5 Pa. Thus, Delmas et al. [12,13] studied the change of the refractive index of air depending on the temperature, ranging from 0 to 1,000°C for a fixed wavelength of 632.8 nm, and on the wavelength, from UV to IR wavelengths at 15°C, based on these equations (Figure 3.1). FIGURE 3.1: Change of air refractive index depending on temperature (λ = 632.8 nm) and wavelength (T = 15°C) [12].

The first feature to note is that the refraction index does not evolve much above λ = 500 nm, which usually represents the range of operating wavelengths in the studied experiments (cameras working in visible light, from 400 nm to 800 nm, and in infrared domain, from 4 µm to 12 µm). The second characteristics is that the air refractive index is mostly sensitive to the variations of temperature, which justifies why thermal gradients, even of small amplitudes, induce heterogeneous refractive index field, hence deviations of light rays.

These deviations of light rays that characterise the heat haze effect are visualised with the Background-Oriented Schlieren (BOS) technique, and even quantified when the BOS technique is coupled with DIC measurements [12,[14][15][16][17]. Developed simultaneously by Dalziel et al. [18] and Richard et al. [19][20][21], the BOS technique sets the mathematical framework establishing the relationship between the refractive index variations and displacement measurements (i.e., distortions). Jones and Reu [15] described the optical equations linking these variables, based on the schematised situation of imaging through a heterogeneous refractive index field (Figure 3.2). The authors established Equation (3.5) that quantifies the apparent distortion on the object plane ∆x depending on the spatial variation of refractive index, with a refractive index decomposed as the sum of a value at standard conditions n 0 and its spatial variations n (x, y, z)

∆x = x i -x 0 = (L + W) 1 n 0 W/2 -W/2 ∂n ∂x dz (3.5) 
This distortion corresponds to the difference of physical coordinates between point x 0 on the object plane that gives the point ξ i on the image plane in case of homogeneous refractive index field and point x i on the object plane that leads to the same point ξ i on the image plane in case of heterogeneous refractive index field. Since it was established that the refractive index is related to temperature (through Ciddor's or Edlén's equations), the link between the distortion ∆x and the temperature field is straightforward.

Thus, the BOS technique provides a simple framework to visualise and quantify the displacement errors, when considering heated air. To support this approach, Richard et al. [19] proposed to acquire an uncorrupted image of a static background (such as a speckle pattern), then to introduce thermal fluctuations (with a heater for instance) in order to vary the air refractive index and generate heat shimmer on a second image. Thanks to the use of DIC between the two images, the displacements induced by the heat haze effect can be measured and be related to the first derivative of the refractive index n (Equation (3.5)), the temperature T (according to Ciddor's equations) or the density field ρ (Equation (3.2)), which can be in particular interesting in aerodynamics (e.g., visualisation of density gradients for transonic flights).

Consequently, using this technique and appropriate speckle patterns, Delmas et al. [12] were able to measure the displacements due to a laminar plume produced by a heating system operating at ≈ 800°C. The authors successfully investigated the heat haze effect with cameras of different modalities, namely a visible light camera, a near-IR camera working between 850 nm and 1.7 µm and an IR camera of wavelengths ranging from 7.5 µm to 13. Similarly, Bao et al. [16] used the BOS approach to measure the heat haze effect on coloured images (i.e., green and blue channels of a colour camera). Thus, it is possible with this technique to measure small displacements of the order of 0.5 pixel that can be attributed to heat waves, as shown in Figure 3.4. Therefore, the BOS technique is the main support for both qualitative and quantitative analyses, which were presented in Section 1.3.1.2 of Chapter 1. It highlights the importance of characterising this effect and taking it into account when analysing displacement or strain measurements, since spurious displacements are largely above the typical noise-floor for DIC, with an increase of uncertainties by a factor of ≈ 10 [22][23][24] to 30 [14,15].

Moreover, Keskin et al. [25] proposed another experiment to analyse the mirage effect and its properties. The developed setup is based on mixing of two air flows of different temperatures (one being referred to as cold and the other one as hot). This mixing generates turbulent fluctuations of refractive index. A laser is sent through the heterogeneous field and the position of the point is tracked on a detector, hence the visualisation of the impact of heat haze on the object location and shape (Figure 3.5). This setup was built to test adaptive optical systems for astronomy to correct heat shimmer, since this effect is predominant for the observation of star systems [26,27]. Thanks to this configuration, the authors investigated the effect of thermal gradient on distortion amplitudes. For a given thermal gradient, they tracked along time the vertical coordinate of the projected point of the laser passing through the hot-air optical turbulence (the centroid, noted αF in Figure 3.5), giving a point cloud representative of the heat haze effect. It was reported by the authors an increase of the cloud size when the thermal gradient increased from 33 K to 163 K. The increase of displacement amplitudes with temperature was also observed by Delmas et al. [12], as the increase of distortions when 2D or 3D thermal gradients were considered, instead of 1D thermal gradient.

Furthermore, it can be noted that the heat haze pattern is usually disturbed by any geometrical obstacle in the air flow (e.g., the sample shape). Thus, the expected shape of these convection currents (Figure 3.7(a)) described by Sparrow [28] for horizontal heated plates is disrupted for conic object [12]. This instability is increased by thermal gradients (Fig- FIGURE 3.7: (a) Expected convection currents for an horizontal plate [28] and (b) disrupted heat waves for 373 K (left), 537 K (middle) and 973 K (right) [12].

Another feature of heat haze distortions is related to the location of the heat source, with respect to the object plane (i.e., the variable L in Equation (3.5)), and its size (i.e., the variable W in Equation (3.5)). The farthest an object from the heterogeneous refractive index field and the largest this field (e.g., for buildings observed from far away, for star systems observed through the atmosphere), the larger the distortions.

Last, Jones and Reu [15] analysed the spectral components of the measured displacements.

The heat haze effect is characterised by low frequencies, ranging from almost 0 to 50 Hz, with main amplitudes at frequencies lower than 0.1 Hz, which is consistent with the air turbulence frequencies observed in astronomy.

To conclude, this section reviewed the different characteristics of the heat haze effect (i.e., the dependence with thermal gradients, the impact of their amplitudes, the geometry of the object, the frequency spectrum) in order to analyse more precisely the thermomechanical fields experimentally measured during this study. The following sections describe the effect of heat shimmer (in terms of fluctuations) on thermal images and on 2D and 3D surface displacements measured by DIC during the experiments introduced in Chapter 2, especially thanks to the measurement of the heat haze displacements via the in-situ calibration target.

Effect of convection on thermal fields

Evidence of convection artefacts

This section analyses the thermal fields acquired by an infrared (IR) camera during the experiment introduced in Section 2.2.1 (i.e., the heating of a CMC sample with a flame up to 1,300°C) in order to quantify the thermal fluctuations on the measurements. This evaluation is required for the identification procedure that will be discussed in Chapter 5 since the approach is based on full-field measurements (both thermal and kinematic) and takes into account their respective uncertainty levels.

First, it is important to note that the temperature fields related to the 'steady state' fluctuate over time (Figure 3.8). The temperature history of three points evidences temporal modulations of different origins of the thermal signal, which affect all pixels of the camera. The variations are attributable to the flame that, contrary to a laser, is more unstable and leads to air convection artefacts captured by the IR camera. To further assess the effect of the flame on the measurements, the temporal standard deviation on temperatures is computed for 461 frames (i.e., corresponding to ≈ 92 s of the steady state). The fluctuation map and The flame convection appears to have more effect on the bottom part of the sample, as it leads to higher fluctuations of the measurements in this area, with standard deviations up to 8°C. The asymmetry of fluctuation map is explained by the experimental configuration.

During heating, an extractor hood located above the sample is activated to evacuate smoke. It acts as a mixing fan and prescribes an air flow, which mitigates on the top part of the sample the convection effect due to the flame. On the top half-part of the CMC, the standard fluctuations are functions of the mean temperature, with higher standard deviations for the colder pixels. Regarding the bottom part of the sample, since it is not affected by the extractor hood, the thermal measurements in this area are significantly impacted by the flame fluctuations.

All these elements point out the existence of measurement fluctuations, that add up to the expected white Gaussian noise that usually characterises the images acquired by cameras.

In order to evaluate the spatial correlations between the IR pixels, the covariance [C] and correlation matrices [R] are computed. If X and Y are two random variables (e.g., the temporal data of specific pixels), the corresponding components of the covariance matrix are defined as

C(X, Y) = X -X Y -Y (3.6)
and the associated (Pearson) correlation coefficient

R(X, Y) = C(X, Y) C(X, X)C(Y, Y) (3.7)
These matrices are in particular interesting to assess the spatial correlations between the measurements. As stated previously, in standard conditions (i.e., at room temperature, with no convection effects), the images acquired by a camera are affected by additive white noise, as illustrated in Figure 3.10. Its variance and covariance are characterised by a diagonal matrix (i.e., spatially uncorrelated pixels). Consequently, the convection due to the flame induces not only differences of fluctuation levels for each pixel depending on its position on the sample surface, but also spatial correlations and anticorrelations (off-diagonal terms) that depend on the pixel location (or better the local temperature).

The knowledge of the covariance matrix of thermal measurements over the complete sample is needed for the identification procedure (see Chapter 5). However, computing it for the N pix = 21,735 IR pixels containing the sought measurements over 1,400 frames is not conceivable (since it exceeds the usual memory size of softwares such as Matlab ). Thus, an alternative way is proposed hereafter to evaluate the covariance matrix associated to the measurements, based on a modal decomposition of the spatiotemporal temperature field.

Assessment of thermal fluctuations

Modal decomposition of spatiotemporal thermal fields

The goal of this section is to quantify the fluctuations induced by the flame and to evaluate the thermal noise associated with the IR camera, in order to compute the covariance matrix associated with acquisition noise.

To analyse the spatiotemporal temperature field, a Singular Value Decomposition (SVD) is performed. The SVD, which is one of the most used mathematical tools for global statistical analyses [29,30], is the factorisation of a real or complex matrix. The mathematical framework was formerly developed by Golub and other authors [31,32] and generalised afterwards by Van Loan [33]. It extends to any matrix the eigen decomposition (spectral decomposition) of diagonalisable matrices (i.e., positive semidefinite normal matrices), that is the factorisation of a matrix into a canonical form, through its eigenvalues and eigenvectors.

If [A] is a real of complex matrix of size m × n, with m ≥ n, it is decomposed as The symbol * corresponds to the conjugate transpose of the matrix. Thus, for real matrices,

[A] = [U][S][V ] * (3.
[V ] * = [V ] .
Consequently, this decomposition provides an approach to reconstruct a modal field [A rec k ] based on the k first modes (i.e., with the k largest singular values), so that

[A rec k ] = [U][S k ][V k ] (3.9) 
where When considering all n modes of the right-singular matrix [V ], the complete field [A] is retrieved. Thus, the SVD is used on the 3D matrix of spatiotemporal temperature fields [T] (where • denotes the time dimension of the spatial field), reshaped as a 2D spatiotemporel matrix [ T] of size N pix × N t , with N pix the number of pixels providing thermal measurements and N t the number of frames acquired by the IR camera (N pix ≥ N t ). The entire thermal signal is analysed with the modal decomposition to assess the contribution of each mode to the measurements and quantify the thermal fluctuations induced by convection.

-[V k ] is the n × k
To evaluate the number of modes required for the correct reconstruction of spatiotemporal 3.2. Effect of convection on thermal fields 125 temperatures, one can study the spectrum of singular values (Figure 3.12(a)) and compute the reconstruction error (Figure 3.12(b)), that is the difference between the complete field [ T] and the modal temperature field [ Trec k ] reconstructed only using the k first modes (i.e., with the k largest singular values), as proposed in Equation (3.9). The main contributions to the reconstruction of the spatiotemporal field are given by the first three modes, then the RMS reconstruction error levels off after 25 modes, see The temporal mode is consistent with the heating process for an ideal heating unaffected by convection artefacts, so that the first mode accounts for 83.3% of the complete thermal data (and 91.8% of the steady state data). The spatiotemporal error field [δ T1 ] exhibits significant deviations over space and time, as the extractor hood is activated (vertically moving waves Chapter 3. Effect of high temperatures on thermal and kinematic fields of errors, due to the convection), leading to an RMS error of 33°C. This value will constitute the reference fluctuation level.

The following modes up to the 14 th account for the thermal loading and convective effects, as the temporal modulations previously observed in Figure 3.8 are detected on the temporal modes (Figures 3.14 and 3.15). The convection considerably impacts the transient measurements (so that each newly added temporal mode compensates the errors for these frames) and can be detected on the Pearson matrices associated with the vertical profile of pixels (Figures 3.14 The use of six and 14 modes allows for a reduction of the RMS error from 2.8°C to 1.7°C, which is close to the stabilised reconstruction error obtained with the first 40 modes (i.e., 1.5°C). The temporal mode associated with the 40 th singular value bears the sign of random acquisition noise, which is confirmed by both correlation matrices, which are now diagonal. As a comparison, the same analysis is performed on the thermal fields acquired during the experiment presented in Section 2.3.1 of Chapter 2, when heating with a laser that is more stable over time than a flame. However, the correlation matrices computed for a longitudinal profile of pixels for frames of the steady state exhibit spatial correlations and anticorrelations as well, consistent with the presence of air convection (Figure 3.17). These convective artefacts (related to air motions) account for an approximate RMS error of 1.5°C for the steady state. Consequently, thanks to the modal decomposition by SVD, the spatiotemporal thermal measurements are filtered to identify the modes contributing to the sought "ideal" temperature fields and the thermal fluctuations such as flame convection, which will be considered as a model error when performing the identification procedure (Chapter 5). Using a small number of modes, it is possible to fully reconstruct the temperature fields and evaluate the thermal noise level, only attributable to acquisition noise of the IR camera. The thermal noise is, as expected, uncorrelated so that the covariance matrix is diagonal, which is easily computable, and enables noise-floor uncertainties to be assessed.

Another approach could be to compute a covariance matrix that includes all the fluctuations of the measurements. It was not possible to compute this global covariance matrix because of the large number of pixels (≈ 30,000). However, previous analyses highlighted the spatial correlations between groups of pixels because of the convective effects, which shows redundancy of the data. Thus, a model of "super-pixels" could be used to aggregate the key thermal data on a small number of points and enables the real covariance matrix to be computed with the random fluctuations due to air convection, the leading fluctuations and the standard acquisition noise. The knowledge of the spatial correlations between the elementary initial pixels allows the standard temperature deviations (computed at the macropixel level) to be re-evaluated for each elementary pixel. This route was not followed here but could represent an interesting study for further work on thermal uncertainties.

Change of thermal noise with temperature

Once the modal decomposition is performed, the covariance matrix is constructed. The previous section showed that 40 modes were required to get access to the spatiotemporal temperature uncertainty field due to acquisition noise. Since the correlation matrices for the vertical and horizontal profiles were diagonal, the thermal noise can be qualified as white. Moreover, the computation of the covariance matrices for these two sets of pixels (Figure 3.18) shows that the variances vary over space and seem to be related the pixel temperature. To confirm this statement, the standard deviations of the thermal reconstruction error [δ Tk ] are analysed for all IR pixels q over time, with respect to their corresponding temperature. A vector {T test }, equal here to a vector ranging from 100°C to the maximum temperature (i.e., 1,310°C) with steps of δT test = 10°C, is built so that temperature intervals can be defined for the analysis. For a given testing temperature T test,i of this vector and for all q pixels (over space and time) satisfying

T test,i ≤ T(q) ≤ T test,i + δT test (3.10)
the standard deviation σ δ Tk (q) on the temperature reconstruction error δ Tk (q) is computed. The change of these standard deviations σ δ Tk (q) is plotted with respect to the middle of the testing temperature interval (i.e., for a temperature T(q) = T test,i + δT test 2 ), for different numbers k of modes. Figure 3.19 shows the change of the standard deviations of reconstruction errors with the temperature, for four cases of modal reconstruction. As the number of modes used for the reconstruction increases, a monotonic relationship between the two variables is established, which is representative of thermal noise due to the IR camera. Chapter 3. Effect of high temperatures on thermal and kinematic fields

An exponentially decreasing function suits this evolution and is identified with an adjust square correlation factor R 2 adj. of 99.9%

σ T = c 1 + c 2 exp - T T 0 c 3 (3.11)
where c 1 = 1.07°C, c 2 = 23.8°C, c 3 = 0.37 and T 0 = 11°C. This type of change, which is unusual for cameras, can be explained with the IR camera calibration law that converts Digital Levels (DL) (which are the real acquired data) into temperatures, according to Equation (1.6).

If the same analysis is performed on the DL data, different results are obtained. First, only 20 modes are required to remove the spatial correlations between the pixels (Figure 3.21) and evaluate the DL noise level. Thus, the DL to temperature calibration law changes the measurements errors. Second, the covariance matrices on the DL data (Figure 3.22(a) and (b)) show that the variances on DL is virtually constant, which is confirmed by the computation of the change of the standard deviations on DL with respect to DL (Figure 3.22(c)). The latter is constant around 16 GL, which is consistent with a Gaussian noise for this type of camera. Therefore, the calibration law of an IR camera (which converts DL into temperatures) propagates non-linearly the deviation on DL, ∆DL, to a deviation on temperature ∆T, as shown in Figure 3.23. Thus, the same deviation ∆DL for the lowest DL induces higher deviations on the associated temperatures than for the highest DL, so that ∆T 1 ≥ ∆T 2 . Consequently, the calibration law amplifies the effect on temperatures of convection artefacts that impair the DL data, which explains the relationship between the thermal uncertainties and the temperature levels. A final comment regarding the temperature errors due to the emissivity uncertainty can be made here, since they added up to the previously characterised thermal noise. The thermal uncertainties are discussed hereafter for data acquired with a monochromatic IR camera (as in the experiment performed with a laser, see Section 2.3.1) and a polychromatic IR camera (as in the setup using a flame, see Section 2.2.1).

For a monochromatic IR camera, given Planck's law (see Section 1.2.2.1), the true temperature T of a gray body surface of emissivity ε(λ, T) at a wavelength λ writes

1 T = λ C 2 ln ε(λ, T) exp C 2 λT λ -1 + 1 (3.12)
The differentiation of Equation (3.12) with respect to the emissivity ε(λ i ) gives

d ln T d ln ε(λ i ) = - λ i T C 2 exp C 2 λ i T -1 exp C 2 λ i T (3.13)
that becomes when Wien's condition is verified (i.e., C 2 λT 1)

d ln T d ln ε(λ i ) = - λ i T C 2 (3.14)
Thus, an uncertainty on the surface temperature is induced by an uncertainty on the material emissivity, according to

∆T T = d ln T d ln ε(λ i ) ∆ε(λ i ) ε(λ i ) (3.15)
The IR camera make used to measure the thermal fields is a FLIR X6580sc that operates at a wavelength λ i of 4 µm. Since the spectral emissivity of the CERASEP A600 SiC/SiC composite was measured by the French laboratory CEMHTI for temperatures ranging from 180°C to 1,300°C, the change of the material emissivity at this wavelength is known (Fig- The emissivity of material is usually reported in the literature with uncertainties of 2 to 3% [34][35][36]. Thus, the thermal error associated with the relative error on the CMC emissivity is expected not to exceed 18.5°C for the maximum temperature. To account for the two sources of errors that are the acquisition thermal noise (as computed in Equation (3.11)) and the uncertainty on the material emissivity, the variances of the two phenomena are added. Hence, a global temperature uncertainty law is computed for a monochromatic IR camera, as shown in Figure 3.25. The main source of thermal deviations is due to emissivity uncertainty that is predominant compared to noise-floor uncertainty. Consequently, for this camera, the more important deviations occur for the higher temperatures.

For a polychromatic IR camera, such as that used for the heating performed with a flame (i.e., a FLIR A655sc camera), the radiometric equations (Section 1.2.2.1) needs to be integrated over a range of wavelengths [λ l , λ u ]. Moreover, the camera detector exhibits a heterogeneous spectral response, as shown in Figure 3.26. Thus, the IR camera measures a signal I(λ l , λ u , D, ε(λ, T), T) that is expressed as

I(λ l , λ u , D(λ), ε(λ, T), T) = λ u λ l D(λ)ε(λ, T)L 0 (λ, T)dλ (3.16)
The first route to evaluate the uncertainty on temperature based on the emissivity error is to approximate I(λ l , λ u , D, ε(λ, T), T) as [37]

I(λ l , λ u , D, ε(λ, T), T) ≈ D(λ)ε(λ, T)L 0 (λ, T)∆λ (3.17) 
where λ = λ l + λ u 2 and ∆λ = λ uλ l . With this approximation, Equation (3.15) becomes

∆T T = d ln T d ln ε(λ) ∆ε(λ) ε(λ) = - λT C 2 exp C 2 λT -1 exp C 2 λT ∆ε(λ) ε(λ) (3.18)
For the IR camera A655sc , the lower wavelength λ l is equal to ≈ 7.5 µm and the upper wavelength λ u ≈ 16 µm, so that λ = 11.75 µm and D(λ) ≈ 0.78. Figure 3.27 shows the approximate emissivity for the CMC at the mean wavelength λ and the thermal uncertainties obtained with Equation (3.18).
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400 600 800 1000 1200 1400 1600 0 Chapter 3. Effect of high temperatures on thermal and kinematic fields However, to compute the temperature fields from the DL acquired by this camera, the emissivity is assumed fixed over time and over wavelength by FLIR ResearchIR software, since the calibration curves of the A655sc camera are not provided. Thus, the a priori temperature uncertainties, that account for a thermal change of the material emissivity, are not representative of the real measurement errors. Consequently, a variation of the emissivity in the software allows the a posteriori thermal errors to be evaluated, with the assumption of a constant emissivity, as shown in Figure 3.28. With an emissivity uncertainty of 2.5%, the induced thermal errors are approximatively equal to 29°C, which is of the order of the uncertainties caused by convective currents. Since the measured temperatures for this experiment include a significant error due to the constant emissivity assumption, the effect of the emissivity uncertainties will not be added to the acquisition thermal noise (characterised in Figure 3.20) but will be part of the model errors during the subsequent identification procedure.

To conclude, different sources of error on the thermal measurements were highlighted within the previous discussion. First, the convective effects due to thermal loading (e.g., the flame) and the surrounding air flow (e.g., heat haze, forced convection with extractor hood) lead to spatiotemporal fluctuations of the DL data, which add up to the white Gaussian noise that characterises the standard noise of a camera. Second, because of the calibration law, which enables for the conversion of DL into temperatures, the thermal fluctuations intensify, leading to more significant measurement errors equal to approximatively 33°C. The thermal noise that spatially varies was found to be a decreasing function of the temperature, of type directly related to the calibration law, so that the highest temperatures lead to the smallest standard deviations on temperatures. Third, the uncertainties on the CMC emissivity induce significant thermal errors, ranging from a few degrees up to 20 to 30°C, depending on the temperature and the camera make. These temperature uncertainties were assessed in the case of a monochromatic IR camera and approximatively quantified in the case of a polychromatic camera. Thus, their contribution was added up to the camera noise level for the first case to assess a global temperature uncertainty law, whereas they were not considered in the second case. This choice was justified by the errors included in the temperature measurements, computed for a (wrongly) constant emissivity, so that they will constitute a model error. Consequently, for both cases, simple thermal uncertainty laws were built with respect to the temperatures. Thus, it is possible to easily compute for the spatiotemporal covariance matrix [C T ] as a stack of diagonal matrices whose diagonal terms are computed according to the pixels temperature for the entire experiment.

Evidence of heat haze on 2D displacement fields

In this section, the analysis on the 2D displacements measured on a coated SiC/SiC material is presented to evidence the presence of heat waves and their impact on the measurements, obtained with a instantaneous global DIC approach (see Section 1.2.2.2 in Chapter 1).

The following discussion is reproduced from three sections (indicated with red boxes) of M. Berny, T. Archer, A. Mavel, P. Beauchêne, S. Roux, and F. Hild, "On the analysis of heat haze effects with spacetime DIC," Opt. Lasers Eng., vol. 111, pp. 135-153, 2018 [38].

Experimental setup

Reproduced from Section "3.1 -Experimental setup" of Ref. [38] A sample of [CERASEP A600] SiC/SiC composite [coated with an EBC made of rare-earth elements provided by SAFRAN Ceramics] was heated at very high temperatures thanks to a CO 2 laser beam [39]. Under such thermal gradients, the material expands and deflects. To measure the thermomechanical fields of the sample, a set of four cameras was installed (Figure 3.29). Three cameras monitored the top surface of the studied CMC, which was heated by the laser beam, in order to measure temperature fields during the test (with an infrared camera FLIR X6580sc , acquiring frames at a frequency of 1 Hz) and 3D surface displacement fields (i.e., stereovision system composed of two AVT Pike-421 cameras with 2.8/50 lenses). (Dark) SiC power was deposited since the composite surface was naturally white matte. The temperature of the back face of the sample was measured thanks to two pyrometers monitoring points in the hottest area, namely, one bi-chromatic pyrometer (IGAR 6 Advanced of LumaSense , temperature range: 200-2,000°C, spectral band: 1.5-1.6 µm) and one monochromatic pyrometer (MI3 made by Raytek , temperature range: -40 to 1,650°C, spectral band: 8-14 µm). An additional optical camera (AVT Pike-421 with 4/80 lens and 41 mm extension ring) was positioned to observe the edge of the CMC beam. LED lights (7700 lm) were installed. In the following, only the pictures acquired by the last camera will be analysed. The pictures acquired by the infrared camera and the stereovision system will not be analysed herein. To measure 2D displacements, the edge of the sample is first coated with a homogeneous layer of white paint then speckled with black paint. The correlation radius of the speckle pattern is equal to 3 pixels, which indicates an overall good quality. Both paints [...] are resistant to very high thermal shocks (i.e., up to 1,000°C). Three steps were performed with the present setup (Figure 3.30):

1. A series of controlled horizontal displacements was carried out thanks to a micrometer screw at room temperature for the purpose of calibrating the stereovision system.

In the present case, the calibration target (see inset of Figure 3.29) was not removed before turning on the laser source. For each level of the calibration phase, about 20 images were acquired at a frequency of 1.25 Hz. The first level corresponded to a reference state with no motion, the eight following levels were performed for translation increments of 0.5 mm, and the last state consisted in a return to the 0 mm position with no backlash compensation. A total of 217 pictures was captured. [This calibration step has two purposes. First, it enables the calibration of the stereo-rig to be checked, as presented in Section 2.3.3.2 of Chapter 2. Second, it is used as a reference to assess the displacement uncertainties at room temperature, as discussed hereafter.] 2. Heating/cooling performed with the laser beam with no fan to homogenise the atmosphere around the heat affected zone. Three levels of temperature were analysed: 0.4T max , 0.7T max and T max , where T max was greater than 1,200°C and corresponded to the maximum temperature of the heat affected zone by the laser beam (see inset of Figure 3.29). In the following, dimensionless levels T/T max will be reported. The times corresponding to the beginning and end of transient/steady increments are shown in Figure 3.30. Overall, 3,218 images were acquired at a frequency of 1.25 Hz.

3. A final heating phase was performed with a fan (Figure 3.29). The same levels of steady state temperatures were reached (Figure 3.30). In total 2,485 pictures were acquired at a frequency of 1.25 Hz.

During the experiment, the laser power was regulated, leading to very small temporal fluctuations of the three steady-state levels (e.g., at T max when the fan was turned off (resp., turned on), the standard fluctuations were equal to 10°C (resp., 3°C)), [which corresponded roughly to six times the RMS reconstruction error (equal to 1.5°C) computed in Section 3.2.2 with one mode (i.e., it is representative of the convective currents).] 

Uncertainty quantification at room temperature

Reproduced from Section "3.2.1 -Instantaneous approach" of Ref. [38] [In this section, the images acquired for each calibration step are analysed with global instantaneous DIC for a region of interest (ROI) of definition 1385 × 60 pixels, which was meshed with 88 3-noded triangles (T3), as shown in Figure 3.32]. The element size ranges from approximatively 30 pixels to 75 pixels for the center area, which corresponds to the zone saturated by laser heating during the second and third levels (see Figure 3.31). The first reference image, which is shown in Figure 3.32, is constructed as the mean of the 21 images taken for the reference configuration (i.e., initial 0 mm position). For the calibration step, global DIC is performed between the estimated reference image and all acquired images. The instantaneous spatial displacement u(x, t) is initialised with zero values if it is the first level with no applied displacement (u(x, t = t 0 ) = 0), or by the sum of the converged displacement for the previous time u(x, t -1) and the mean translation u FFT (t) estimated by Fast Fourier Transform correlation between the previous image f (x, t -1) and the current image f (x, t). Convergence is probed with the norm of the correction vector of nodal displacements. A value a = 10 -4 pixel is chosen.

The horizontal and vertical displacements (respectively, u x (t) and u y (t)) are reported in Figure 3.33 for all the nodes, and the two nodes (depicted in Figure 3.32) with the lowest and highest variations are highlighted in Figure 3.33(b). The results are consistent with the experimental procedure, that is incremental (0.5 mm) horizontal displacements corresponding to approximately 10.5 pixels. The vertical displacement drift can be explained by a misalignment of the sample of about 0.5°with respect to the direction of applied displacement. For each nodal displacement, the standard deviation for the considered time increment characterises the standard uncertainty. Its average level for all nodes is reported in Figure 3.34 for all time increments. The uncertainties on horizontal and vertical displacements (resp., u x and u y ) are similar during the whole calibration phase, with levels of the order of 0.04 pixel for any prescribed displacement level. This uncertainty level is due to camera noise and possible variations of lighting intensity and reflections induced by sample motions. 

Uncertainty quantification at high-temperatures

Reproduced from Section "3.4.1 -Instantaneous approach" of Ref. [38] The results for the second and third test steps (i.e., heating/cooling without fan, and heating with fan) are now discussed. [...] Instantaneous DIC without using a specific treatment of the saturated areas (Figure 3.31) is first run, using as reference image f 0 (x) the mean of the 21 first images of the calibration phase (0 mm position). The mesh introduced in Section 3.3.2 is used hereafter to measure displacement fields. In the following analyses, specific nodes (Figure 3.35) will be highlighted:

1. Two nodes on both end sections of the mesh, in the centreline (node E in dark blue for the edge close to the clamp and node F in red for the free edge); The instantaneous spatial displacement field u(x, t) is initialised as 0. Because of gray level saturation, instantaneous DIC does not converge with the chosen criterion for pictures when the applied temperature is equal to 0.7T max and T max . Noisy results are observed in Figure 3.36 showing the displacements of all nodes. The displacements of the specific nodes introduced with their colour code in Figure 3.35 are highlighted with thick crosses. Because of numerous saturated pixels (Figure 3.31), the gray level residuals will not decrease for the pixels located in that area. Since the instantaneous routine is global in space, displacements for nodes outside the saturated zone can still be used provided the corresponding gray levels residuals are checked. Some spikes of different origins are observed. Two major spikes appear in the analysis of the image series taken during the heating without fan (Figure 3.36(a-b) for pictures no. 1950 and 3300) along with several minor spikes of lower amplitudes. Another major spike is highlighted in Figure 3.36(c-d) (for picture no. 5050, during heating with fan). The major spikes are characterised by a global motion of all nodes (due to unexpected camera support motions) whereas the minor spikes are only due to spurious displacements of specific nodes affected by the saturated area. To overcome this issue, a mask is used to remove the saturated pixels (Figure 3.37). This operation is also performed on the denoised image, which means that these pixels are totally discarded from the DIC analyses. [...] Even with the application of a mask, the instantaneous procedure does not converge for the pictures corresponding to T = T max for both heating phases and leads once again to unexpected global motions (Figure 3.38). To further address this issue, the mask could be made bigger, or this zone could be totally discarded and two smaller ROIs could be considered. This route was not followed since it will be shown [in Chapter 4] that time regularisation will provide sufficient robustness to fix this problem with the mask shown in Figure 3.37. However, it is interesting to notice that the minor spikes observed in Figure 3.36 are no longer present, thereby confirming their relation to saturated pixels. The biggest spikes remain, implying global displacements of the ROI (i.e., camera support motion). Chapter 3. Effect of high temperatures on thermal and kinematic fields

The following analysis is now restricted to the displacements measured for the first and second temperature levels in Figure 3.39. Two observations can be made:

1. The heating phases lead to horizontal deformation of the sample of amplitude ca. 1.5 pixel corresponding to about 75 µm, and deflection of ca. 1 pixel (or about 50 µm).

2. A temporal modulation is observed for the displacements that can be attributed to heat haze. The increase of fluctuations regarding displacements measured in the calibration step (i.e., 0.04 pixel) and measured for the first temperature level (0.25 pixel for the transient state) support this assumption. Moreover, between the first and the second temperature levels, the fluctuations of nodal displacements increase, which can also be a sign of heat haze. To assess the assumption of heat haze effect, a node is chosen from the left part of the CMC beam (i.e., node R on the centreline of the sample and at a horizontal position of approximatively 375 pixels) as a reference. The reference is chosen so that it is expected to be the least affected by the heat haze than the 11 selected nodes from the heated side and far from the laser beam. The nodal displacements of those nodes belonging to the right part of the beam (at the centreline of the sample for horizontal positions from 1025 pixels to 1575 pixels) are plotted as functions of that reference. The results for horizontal displacements (resp., vertical displacements) are shown for the heating phase with no fan in Figure 3.40(a) (resp., Figure 3.40(b)) and for the heating phase with fan in Figure 3.40(c) (resp., Figure 3.40(d)). Figure 3.40(e) shows the position of the reference node R (brown asterisk) and the 11 selected nodes in squares. The reported displacements are restricted to the second and third temperature levels where the heat haze effect is the more detectable. For the sake of legibility, the results obtained for the pictures responsible for the spikes in Figure 3.36 have been removed.

( It is first observed that the nodes have relative displacements not only due to global motions representative of heating, which would essentially have given linear responses, but also by an additional effect. When comparing the relative displacements without and with fan, it appears that the fan reduces the amplitudes of the cloud, hence reduces the temporal variability. This property indicates that the heat haze affecting the displacements measurement at high temperatures is reduced when turning the fan on. On a more quantitative level, the fluctuations of the horizontal displacement are reduced from 1.05 pixel with no fan to 0.73 pixel when the fan is on for the horizontal component, and from 1.94 pixel to 1.75 pixel when the fan is on for the vertical component.

Another way of assessing the effect of heat haze is through the comparison of temporal fluctuations of displacements between the reference state (i.e., in ambient conditions) and the heating steps. Thus, for each time increment of the experiment where the steady states were achieved, it is possible to compute the standard deviation of measured nodal displacements, as shown in Figure 3.41. The values are calculated by considering the mean over all nodes of the temporal standard deviations for nodal displacements, for all three steps of the experiment. The first ten time increments refer to the calibration step (i.e., the 10 positions prescribed with the in-plane linear stage), the time increments from 11 (corresponding to room temperature) to 17 (corresponding to T = 0.4T max ) are related to the steady states of the second step (i.e., the heating/cooling without the fan), and the last seven time increments are associated with the steady state of the third step (i.e., the heating with the fan on). The fan is turned on at the beginning of the 19 th time increment (corresponding to T = 0.4T max ) and impacts the time increments from 19 to 23 (corresponding to T = T max ), highlighted with a purple box in Figure 3.41. Once the laser is activated, the temporal standard deviations gradually increase as the temperature rises and the heat haze establishes itself. Thus, the standard horizontal displacement fluctuations are three to four times higher during the second step than during the calibration step (i.e., ≈ 0.15 pixel instead of ≈ 0.04 pixel), whereas the ratio is more important for the standard deviations on vertical component, with an increase by five between the calibration step (≈ 0.04 pixel) and the second step (≈ 0.2 pixel). With the activation of the fan (time increment no. 19), the fluctuations are immediately reduced and the standard deviations became identical for both components, which is consistent with the enforcement of an air flow. Thus, the fan stabilises the standard displacement fluctuations to a level of 0.10 to 0.15 pixel, which remains higher than those calculated at room temperature and indicates that the heat waves are not completely removed, as already reported in the literature [15,23,40]. All these observations point to heat haze effects, which induce spurious displacements on the measurements of 2D displacements, and increase by extension the errors on the measured fields. The addition of a fan enables for a partial mitigation of the heat waves.

In the next section, a visualisation of the heat haze effect is proposed, with the quantification of its impact on 3D displacement fields.

Evidence of heat haze on 3D displacement fields

In this section, the images acquired for the experiment presented in Section 2.3.1 of Chapter 2 are analysed. The displacements of both calibration target and SiC/SiC sample during the entire experiment (i.e., from the calibration step to the heating steps, with and with no fan) will be discussed in order to assess the heat haze effect. The uncertainty maps are homogeneous, which was expected since the entire surface of the calibration target was speckled and for a given position, the lighting conditions do not vary much in time. It can be noted that the uncertainty levels are of the same order for both prescribed conditions. This observation is also evidenced when plotting the average of the nodal uncertainties for each increment of the calibration step, as shown in Figure 3.44.

Uncertainty quantification at room temperature
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P 0 P 0 P 0 µ FIGURE 3
.44: Change of displacement uncertainties during the calibration phase for out-ofplane u x (in red), longitudinal u y (in green) and transverse u z (in blue) displacements. The vertical dashed lines mark the ends of the main steps of the calibration phase, namely the acquisition at initial position P 0 , for displacements along Y-direction and for Z-direction.

The mean standard displacement uncertainties are constant over the positions, except the last increment. During this step, the measured displacements were consistent with the prescribed position (i.e., the return to the initial position, implying null-displacements), except for one image of the series where displacements of ≈ 5 µm were measured for the Y and Zdirections. This abnormal motion induced higher standard deviations for the corresponding increment, so that it will be excluded from the following uncertainty analysis. The longitudinal displacement u y is characterised by the lowest level of uncertainty (0.7 µm). The uncertainty on the transverse displacement u z is slightly higher, with a mean level over the different positions of the calibration step of 1 µm. This difference of measurement standard deviations between the two components of the in-plane displacements is consistent with the higher sensitivity to displacements along the Y-direction, highlighted in Section 2.3.3.2 of Chapter 2. Regarding the out-of-plane displacement u x , the uncertainty level is 2.7 times higher than the standard deviation on longitudinal component and is equal to 2 µm. These uncertainty values can be considered as satisfactory, when comparing it to other uncertainty levels from the literature. There are similar to those reported by Jones and Reu [15] for displacements measured by a local stereoDIC software (namely VIC-3D ) for an image series at initial position, and three times smaller than those quantified by Dufour et al. [41]. For this study, the authors reported uncertainties of 2 to 6 µm for all displacement components, when applying prescribed translations of amplitude up to 5 mm. Thus, the designed calibration target used for this experiment and the associated global calibration procedure enable for accurate and reliable measurements in standard conditions.

Moreover, since the calibration step was repeated while the fan was on, it is possible to analyse in the same way the displacement uncertainties (Figure 3.45). The results are reported when the fan is off (plain lines) and on (dashed lines). The vertical dashed lines mark the ends of the main steps of the calibration phase, namely the acquisitions at initial position P 0 , for displacements along Y-direction and for Z-direction.

As expected, there is no significant difference between the two configurations (i.e., with and with no fan) because there are no heat waves at room temperature in this experiment. The source of heat for the surrounding air, which could be due to the lighting devices, are several tens of cm far from the observed surfaces. Consequently, the computed standard deviations on 3D displacements can be assigned to noise and constitute the stereoDIC noise-floor errors for the calibration target in this setup. In addition, similar results are obtained using the displacements measurements on the CMC surface during the calibration step, with the same level of uncertainties on the three components. displacements. The results are reported when the fan is off (plain lines) and on (dashed lines). The vertical dashed lines mark the ends of the main steps of the calibration phase, namely the acquisitions at initial position P 0 , for displacements along Y-direction and for Z-direction.

The same comment can be made on the uncertainties computed for the last increment, since the global motions measured on one image affected both the calibration target and the CMC sample, leading to increased standard deviations for this increment. Regarding the other positions, the uncertainty levels are stable, with average values over the 22 calibration increments of 2 µm for the out-of-plane displacement u x , 0.8 µm for the longitudinal displacement u y and 0.9 µm for the transverse displacement u z . Thus, the experimental configuration also enables for measurements of small displacements of the CMC surface of the order 2 to 3 µm with uncertainties lower than 1 µm for in-plane measurements.

Since the calibration step was performed a few hours before the heating steps of the experiment (i.e., the second and third steps of the described experiment in Section 2.3.1), a similar analysis based on the first 46 images acquired at room temperature is made to confirm the expected noise levels. The history of nodal displacements measured on the calibration target is shown in Figure 3.48 and the associated uncertainty maps in Figure 3.49. The measured displacements fluctuate around null values, with standard deviations in line with previous analyses, which are equal to 1.8 µm for the out-of-plane component and 0.5 µm for the in-plane displacements. The slight inhomogeneity on the uncertainty maps may be due to difference in lighting conditions. To confirm the random character associated with these measurements, a modal analysis (using the Singular Value Decomposition approach presented in Section 3.2.2) is performed on each spatiotemporal displacement component independently. Figure 3.50 shows the spectrum of dimensionless singular values and the RMS reconstruction error with respect to the number of modes used for the modal analysis. It is noted that all the singular values are of the same order of magnitude (with only one order between the highest and the smallest) and have similar contributions to the field reconstruction (little change of the reconstruction error), which is representative of a random acquisition noise. The associated temporal modes (Figure 3.51) confirm that conclusion.

Chapter 3. Effect of high temperatures on thermal and kinematic fields The first mode carries the principal measurement data (i.e., the mean displacements in this case), leading to a reconstruction error of ca. 1 µm for the u x component and 0.4 µm for the in-plane displacements. The following modes do not contribute much to the reduction of these reconstruction errors, since they stabilise to close values (0.6 µm for the out-of-plane displacements and 0.2 µm for the in-plane components). In particular, when examining the temporal modes associated with the seventh singular value (Figure 3.51(b)), the temporal fluctuations are more erratic with null mean values, which is consistent with white noise.

In summary, this section quantified the standard displacement uncertainties measured by global stereoDIC on the calibration target and the CMC surfaces at room temperature, which revealed to be low (less than 1 µm for the in-plane components and about 2 µm for the outof-plane displacement). Thus, these values constitute the noise-floor levels. The following sections will assess the impact of high-temperature environments on the 3D surface displacements and the change of standard displacement fluctuations with respect to the present uncertainty levels.

Quantification of spurious displacements due to heat haze

The 1,700 images acquired for the second step of the experiment (i.e., heating at three temperature levels, with no fan) are analysed with global stereoDIC. Since the calibration target is seen during the entire experiment, it is possible to measure its 3D surface displacements and their changes while the temperature increases. The history of the nodal displacements of the calibration target are shown in Figure 3.52. The plotted data correspond to the raw displacements corrected by the average displacements of the nodes close to the clamp, since a drift was observed on the raw measurements. Three remarks can be made from Figure 3.52. First, the measured displacements are significantly larger than the noise-floor level, which prove the effect of phenomena that were not the previously observed white noise. Second, the mean displacements are not null and show a global spatial gradient on the measurements, with maximum displacements of approximatively 20 µm for the u x and u y components and 5 µm for the u z component. This can be related to the thermal expansion of the calibration target that is made of aluminium alloy. A thermocouple was inserted within the calibration target to monitor the change of the material temperature with the increase of the laser power. The calibration target temperature does not evolve much and increases by ≈ 5°C inside the material. Since the aluminium alloy thermal conductivity is equal to 237 W • m -1 • K -1 (which is high for a metal), the surface temperature is close to the bulk temperature and may not exceed a difference of 10°C compared to initial room temperature. Thus, if one assumes a variation of temperature of 5 to 10°C, by considering the coefficient of thermal expansion of the aluminium alloy (i.e., 13×10 -6 K -1 ), the calibration target experiences expansions of 10 to 20 µm for the longitudinal direction Y and 3 to 6 µm for the transverse direction Z, in accordance with the order of magnitude of measured displacements. However, temporal fluctuations of higher amplitudes are added to the material expansion. They appear a few images after the laser is turned on during the first heating step and seem to amplify periodically with the temperature. Spatial snapshots of the displacement fields taken for the three stabilised heating phases are shown in Figures 3.53 The three figures show areas of high and low displacement amplitudes, moving over time and space, similar to heat waves reported in the literature (Figure 3.4). In particular, the calibration target shape with the inclined planes destabilises the convection currents of heated air during the experiment [12] (Figure 3.7). To further assess the development of the heat haze effect and its amplification with the laser temperature, the temporal displacements of a set of nodes spread over the calibration target surface (Figure 3.56) are plotted with respect to a reference node close to the grips. Figures 3.57 A significant increase of the amplitudes is observed for all components between the reference state (with variations around null mean displacements of amplitude 1 to 2 µm) and the heated states. With the rise of temperature, the surface of the displacement "cloud" expands (i.e., the temporal fluctuations increase as the heat haze intensifies) and its centre moves, in relation with to the additional thermal expansion of the calibration target (which can be seen on the in-plane displacements). This change of spatiotemporal fluctuations is in accordance with the observations reported by Keskin et al. [25] (Figure 3.6), which is characteristic of the heat haze effect.

As before, a modal analysis by SVD (see Section 3.2.2) is performed on each component of the displacements measured for the 1,200 images of the heating process. Since the displacements are more complex than those computed at room temperature, 19 modes of almost similar contribution (as emphasised by the dimensionless singular value spectrum) are needed to stabilise the reconstruction error around 4 µm for the out-of-plane displacement and 1 µm for the in-plane components (Figure 3.60). Thus, the first three modes can be related to the thermal expansion of the calibration target and to the heat waves, as highlighted by the temporal mode (Figure 3.61(a)). In this figure, the slope is characteristic of material expansion, while the temporal fluctuations that increase over time are due to the heat haze. The following 16 modes are only associated with the heat haze effect, with temporal modes of null mean and amplitudes that vary with the temperature (Figure 3.61(b)). The link between the intensification of the heat haze measured on the calibration target and the rise in temperature can be revealed thanks to the standard deviations on displacements.

Figure 3.62 shows the change of these quantities for the steady states of the second step (with no fan) and the third step (with fan). For the three components, the displacement fluctuations increase with the temperature. On a more quantitative level, the heat waves increase the displacement fluctuations from room temperature to the highest temperature level of the second step seven times for the out-of-plane displacement u x (from 1.7 µm to 12 µm) and for the longitudinal displacement u y (from 0.5 µm to 3.4 µm), and by a factor of eight for the out-of-plane displacement (from 0.5 µm to 3.9 µm). and on (dashed lines).

It is interesting to note that the addition of the fan is not favourable to the kinematic measurements of the calibration target. It causes an additional increase of the standard fluctuations for the out-of-plane, the longitudinal and the transverse components by respectively 41%, 59% and 13%, when considering the highest temperature level. This amplification is related to two combined effects, namely, the geometry of the calibration target and the fan positioning, which is located on the free-edge side of the target and does not create a laminar air flow but increases the convective currents on the calibration target.

Using the same reference node and the node set introduced in Figure 3.56, it is possible to compare the effect of the fan on the temporal point cloud. Figure 3.63 reports the temporal changes of the nodal displacements with respect to the reference node, at the ambient, 700°C, 1,050°C and 1,350°C. In this figure, the black crosses refer to heating with no fan and the red crosses cover the data acquired with the fan on. Regarding the measurements of the calibration target surface motions, the addition of the fan does not reduce the temporal fluctuations, characterised by the size of the point cloud, and may even exacerbate the heat haze effect. An additional study could be made to assess the ideal location of the fan to mitigate as much as possible the heat waves, using the displacements measured on the calibration target and the previous analyses as indicators.

To conclude, the previous discussion highlighted with the calibration target the increase of displacement uncertainties with temperature, which proves of the effect of the heat haze. Therefore, the calibration target constitutes a key element for high-temperature experiments, as it enables for the calibration of the cameras, the visualisation of heat waves and the quantification over time of such effect. The increased temporal fluctuations impact the calibration target, as well as the CMC sample. The next section presents the effect on the displacements of the CMC surface, which are the real quantities of interest to perform thermomechanical identification based on full-field measurements.

Impact on CMC sample displacements

First, the displacements of the CMC sample surface (modelled with the T3 Finite Element mesh introduced in Chapter 2, see Figure 2.47(a)) are measured for the heating step when there is no fan. Figure 3.66 shows the nodal displacements of the CMC from room temperature to 1,350°C, then the cooling part. The measurements exhibit the expected behaviour of the studied SiC/SiC material. For this material subjected to a localised thermal loading, the intense 3D thermal gradients generate a bi-expansion of the sample in the plane and a downward deflection. The expansion is assessed through the elongation of the sample, with increased amplitudes as the considered nodes are located farther from the central heated area. The deflection is characterised by a positive out-of-plane motion for the nodes at the right side of the heated area (i.e., for Y-coordinates lesser than 20 mm) and null out-of-plane displacements for nodes at the left of the heated area (close to the grips). However, important temporal fluctuations add up to the mean displacements, which make it difficult to quantify the displacement levels, especially for the transverse component u z . In particular, the CMC displacement fields are corrupted by the heat haze effect, which creates additional spurious displacements. As evidenced on these figures, the heat waves drastically impact both temporal and spatial displacement fields, regardless of their component. Spurious displacements have amplitudes of order of those of the SiC/SiC material, which are several tens of µm up to 200 µm. It is consequently challenging to get accurate displacements for the out-of-plane motion (which is expected to be null on the left part of the sample for instance, as opposed to the measured field) or even to measure the transverse expansion of the material.

Moreover, contrary to what was obtained for the calibration target, the addition of the fan significantly improves the kinematic measurements, as highlighted by the histories (Figures 3.69) and the displacement fields (Figures 3.70). Thus, the heat waves are mitigated enough to assess the mean maximum displacements for the three components but not completely removed, so that randomly selected instantaneous displacement fields are still inconsistent with the expected ones. The computation of the mean standard deviations of the stabilised displacements confirms the positive effect of the fan (Figure 3.71), especially on the transverse displacement u z . The rise of the temperature increases the displacement uncertainties (computed for the heated step with no fan), which are amplified by a factor of 15 for the out-of-plane component (from 2.1 µm to 30.6 µm), by a factor of 11 for the longitudinal component (from 0.8 µm to 24 µm) and by a factor of 40 for the transverse component (from 0.6 µm to 8.8 µm). This trend highlights the inability for a qualitative assessment of transverse displacement amplitudes when there is no fan, since the associated standard displacement fluctuation is of the same order as the mean displacement amplitude. Regarding the other two components, their fluctuation levels are an order smaller than the expected mean displacements, which enables for a qualitative (but not quantitative) comparison of the measurements with computations, for instance. With the additional fan, reductions of displacement fluctuations computed for the highest temperature level are achieved for the out-of-plane and transverse components of 17% (from 30.6 µm to 25.2 µm) and 64% (from 24 µm to 8.7 µm), respectively. It can also be noted that, with fan, the transverse fluctuations are almost identical to those associated with longitudinal displacements, which allows for the qualitative evaluation of the mean transverse expansion. Thus, because the fan reduced the standard displacement fluctuations of the CMC sample surface (which is the studied material), its location is validated and no additional positioning of the air controller was tested.

T amb T max,1 T max,2 T max,3 T amb 0 0.01 Transv. u z (fan) FIGURE 3.71: Change of CMC displacement fluctuations for out-of-plane u x (in red), longitudinal u y (in green) and transverse u z (in blue) displacements, computed for different steps of the experiment. The results are reported when the fan is off (solid lines) and on (dashed lines).

However, the displacement fluctuation levels are greatly higher than the noise-floor levels calculated in Section 3.4.1, which make the measurements not easy to analyse. Consequently, the spatiotemporal fluctuations prevent to use the raw displacements fields, since they carry a large part of fluctuations caused by the heat haze effect. Hence, spatiotemporal strategies are required to lower the fluctuations and enhance the displacement measurements at high-temperatures.

Conclusions

In this chapter, the specificity of the high-temperature environments and their effect on thermomechanical full-field measurements were presented. As intense 3D thermal gradients are generated for the purpose of high-temperature testing of CMCs, heat haze effects occur.

In Section 3.1, the mathematical description of the mirage effect was presented, to assess the relationship between the thermal environment and the optical distortions (due to important variations of the air refractive index) observed on images acquired by cameras of different modalities. The heat wave produces significant (i.e., higher than 0.5 pixel) distortions of object location and shapes for all types of images, which is detrimental since the studied CMC samples are monitored by visible light and infrared cameras. Moreover, the effects of the heat haze depends on the experimental setup (e.g., the nature and intensity of the thermal gradients, the object shape, the relative positioning of the cameras with respect to the heated convective air), so that the phenomenon cannot be modelled once for all and needs to be re-investigated for each experiment.

Analyses of the thermomechanical fields acquired during high-temperature tests on CMCs were performed. With the development of heat waves, spatiotemporal fluctuations added to the sought measurements, leading to spatial correlations between the pixels (or elements) and increased uncertainty levels for both thermal and kinematic fields. Several methods were proposed in the chapter to assess the impact of the convective currents on the recorded data. First, a modal analysis using Singular Value Decompositions was investigated. It enabled for the quantitative evaluation of each mode contribution to the temperature fields, such as those related to the heating process, those exhibiting the characteristics of convective effects and those specific to random acquisition noise. As a consequence, the thermal fluctuations due to different sources were quantified, which are the convection effect caused by the flame and the heat haze (with errors of order 30°C), the camera acquisition noise (of amplitude 1 to 2°C) and the uncertainty of the temperature and wavelength-dependent emissivity law (inducing deviations of 3 to 25°C). The approach was applied to different experimental configurations, involving different types of IR cameras (i.e., monochromatic or with wide-bandwidth detectors) and different heating means (i.e., flame and laser), so that covariance matrices were built for a given test.

In the second part, a qualitative and quantitative investigation of the heat haze effect on 2D and 3D displacements was conducted. The evaluation of the displacement noise-floor levels at room temperature showed the high-quality of the stereoDIC setup and calibration, with uncertainty values less than 1 µm for the in-plane measurements and around 2 µm for the out-of-plane component. These results are obtained thanks to the designed in-situ calibration target used for the stereorig calibration. Moreover, the target proved to be convenient to visualise the heat wave and measure over time the spurious displacements it creates, as BOS techniques [12,[14][15][16][17]. Therefore, quantitative analyses evidenced the increase of the standard displacement fluctuations with the rise of the temperature for the calibration target and the CMC samples, which are more corrupted by the heat haze, with an increase of the fluctuations by a factor of five (2D-DIC) to 40 (stereoDIC). Last, the effect of an additional fan was assessed, which showed improvements over the fluctuation levels but was not sufficient to allow for consistent measurements over space and time.

Consequently, the combination of high-temperatures and the behaviour of SiC/SiC composites (i.e., very small strains) make the effect of the heat haze critical for full-field measurements, especially for the out-of-plane and transverse displacements. It was shown herein that the usual experimental strategies to mitigate the heat shimmer fail to overcome such effect. Since the displacements are unreliable, a full-field based identification procedure cannot be conducted. This observation calls for spatiotemporal regularisation approaches of the displacements obtained by DIC or stereoDIC to measure more reliable and accurate kinematic fields, so that it will be possible to identify precisely, thanks to these full-field spatiotemporal measurements, the thermomechanical properties of a SiC/SiC composite.

Chapter 4

Spatiotemporal regularisation for displacement measurements

In this chapter, spatiotemporal regularisation strategies are presented for global DIC and global FE stereocorrelation. Two types of implementation for spacetime DIC are detailed, the first one based on the a priori choice of temporal parametrisation of the displacement fields and the second one using the Proper Generalised Decomposition to assess the modal parametrisation on the fly. A complete global spatiotemporal framework that relaxes the gray level conservation assumption is then proposed. Finally, the spatiotemporal approach is extended to the measurements of 3D surface displacements with FE stereoDIC. For each developed procedure, a discussion is conducted on its effects on the measurements of CMCs at very high temperatures, which were deemed, with instantaneous global DIC and stereoDIC, significantly impaired by the heat haze effect. [2]) are reproduced or adapted, which will be indicated with red boxes. Additional developments are also detailed in the sequel.

Contents

State of the art on existing spatial and temporal regularisations

To overcome the effect of noise and to assess admissible kinematics, spatial and temporal regularisation strategies have been introduced in DIC formulations. In the following, only global analyses [3][4][5][6][7] are considered, since they directly offer a low order of regularity for the displacements, which is assumed spatially continuous.

In addition to the spatial parametrisation of the displacement fields in instantaneous (i.e., between a reference image and another single image [8]) global DIC, other spatial regularisation strategies were developed, such as mechanical regularisation for global DIC [9][10][11], integrated DIC [12][13][14][15] (as introduced in Section 1.2.2.2 in Chapter 1) and the choice of an adapted spatial basis for the sought displacements. For instance, Hild et al. [16] developed a Beam-DIC procedure to measure the displacements, parametrised by only six degrees of freedom per element associated with the Euler-Bernoulli hypothesis, of a steel beam under flexural loading, which considerably regularised the displacement fields. This type of regularisation was proven very convenient in challenging environment such as hightemperatures, as reported by Leplay et al. [17], to reduce the strain measurement errors.

Regarding the temporal character of DIC analyses, the displacements and strains can be assessed over a small number of time steps, for which local time interpolations can be used [18], or over the whole time domain through global temporal interpolations, as proposed by Besnard et al. [19,20]. In these spatiotemporal registrations, the displacements were parametrised with spatial FE shape functions and regular linear time basis functions [20]. Very recently, Le Gourriérec et al. [21] developed a framework combining spatial and temporal regularisations for the direct measurements of acceleration fields for pyrotechnic cutting applications, thanks to a cubic B-splines temporal basis for the displacements and a dynamic regularisation (based on the linear momentum balance equation). The temporal parametrisation can also be based on a priori numerical analyses [22].

Adapted from Section "1 -Introduction" of Ref. [2]

Moreover, the data themselves (e.g., images, displacements) can be used to construct adequate bases (i.e., model) for the measurements, through especially Reduced Order Model techniques, such as the Proper Orthogonal Decomposition (POD), the Singular Value Decomposition (SVD), the Principal Component Analysis (PCA) and the Karhunen-Loève (KL) transform. These techniques, utilised to extract the most dominant modes to desribe the field of interest [23,24], have two goals. First, reduction of measured data can relate to a denoising procedure, as performed by Benaarbia et al. [25]. The authors used POD to preprocess a series of noised thermal fields in order to filter out principal modes and assess afterwards heat sources. Second, these techniques are used to reduce the huge amount of data, synthetise and simplify them, which is relevant when dealing with images of hierarchical complex materials [26] or with numerous and redundant sensor data [27]. Images can also be processed through model reduction techniques to assess the best location for sensors and condense the information to key points [28]. It is therefore very appealing to follow such 4.1. State of the art on existing spatial and temporal regularisations 167 an approach in the context of DIC or DVC, to reduce large series of images to key data. For instance, Charbal et al. [29] proposed to extract through KL decomposition the most salient spatial and temporal modes issued from thermomechanical space-time simulations. This procedure revealed successful to estimate the experimental spatial modes that account for both temperature fields (through gray level corrections) and 2D displacement fields. Similarly, Wang [30] proposed to regularise the displacements fields measured by hybrid multiview correlation with two procedures based on PODs (on each displacement component of thermomechanical spatiotemporal FE simulations or on the raw images), which reduced significantly the errors on the strain assessment.

Reduction techniques can also be introduced to process numerical data and construct reduced models for better and simpler identification of parameters or fields regarding measurements. Approaches such as POD/PGD, DEIM or Kalman filters are efficient to handle big data and sample the parametric space, especially for real-time monitoring of structures and data assimilation [31,32]. When the fields are not directly assumed but rather computed with no learning step, an extension of POD can be used, which is known as the Proper Generalised Decomposition (PGD) [33][34][35][36] where modes are computed from the equation to solve in order to optimally reduce the discrepancy between the actual solution and its current approximation. Because the influence of each mode is often nonlinear, PGD proceeds following a greedy approach where few (in particular one) mode(s) is added at each iteration. Since the additional modes are chosen as the dominant ones to reduce the residual field, the strategy is designated as "greedy" [37]. The idea of using such route in the context of DIC has prompted Passieux et al. [38,39] to consider the PGD method for 2D-DIC and later on for DVC. The authors used a separated representation of the displacement field along the different spatial directions. Although this pioneering work led to an elegant formulation and solutions of high quality, the efficiency of the code revealed somewhat disappointing as compared to the initial ambition. Very recently, PGD-stereoDIC was extended to space time analyses [40]. A very strong time regularisation was chosen in the form of one vibrational mode. A fixed point algorithm was implemented. Another implementation will be considered hereafter and more temporal modes will be constructed. Very recently, Jailin et al. [41] implemented a spatiotemporal framework for 4D-DVC (i.e., dealing with 3D space and 1D time displacement fields) using a PGD procedure, where the displacements were parametrised with separated time and space variables and read from few tomographic projections.

Consequently, all these approaches aim to reduce the complexity of the spatial or spatiotemporal parametrisation of the displacements to ensure the measurement of the sought fields with minimum impact of the measurement errors.

In the following sections, two new and simple implementations for spacetime-DIC analyses are proposed, based on a modal decomposition of the displacement fields that were parametrised with separated variables in space and time. The first one will describe the framework to perform spatiotemporal registrations for known or rather chosen temporal parametrisations, while the second uses a PGD procedure similar to the one proposed for P-DVC by Jailin et al. [41]. Finally, the first approach was extended to stereoDIC, which will be presented herein. All the developed procedures will be compared through the measurements of 2D and 3D surface displacement fields for CMCs under high-temperature environment.

Development of spatiotemporal DIC with a priori parametrisation

In this section, the framework of spacetime-DIC using chosen temporal shape functions is presented and used to analyse the 2D displacements measured on a coated SiC/SiC composite. The results are compared to those obtained with instantaneous global DIC and presented in Section 3.3 of Chapter 3. The following discussion is reproduced from sections (indicated with red boxes) of M. Berny, T. Archer, A. Mavel, P. Beauchêne, S. Roux, and F. Hild, "On the analysis of heat haze effects with spacetime DIC," Opt. Lasers Eng., vol. 111, pp. 135-153, 2018 [1].

Spatiotemporal Digital Image Correlation

Spatiotemporal framework

Reproduced from Section "2.1 -Spatiotemporal framework" of Ref. [1]

Global spacetime registrations consist in measuring the displacement field u(x, t) for a series of images f (x, t) that minimise the overall gap to gray level conservation [20] u

(x, t) = argmin v f (x + v(x, t), t) -f (x, t 0 ) 2 ROI×[t 0 ,t 1 ] (4.1)
where x denotes any pixel location within the spatial region of interest (ROI), t ∈ [t 0 , t 1 ] the time at which the picture was acquired, and • the Euclidean norm. In the present formulation, the reference picture corresponds to the first acquired image f (x, t 0 ). The latter, which is corrupted by noise as any of the subsequent pictures, appears in all the registrations be they instantaneous or global in time and induces a "persistent" fluctuation in the measured displacements [20]. The way to mend this problem is to add a new unknown to the registration problem, which is the reference image itself f (x) so that spacetime registration now becomes u(x, t)

= argmin v f (x + v(x, t), t) -f (x) 2 ROI×[t 0 ,t 1 ] (4.2)
provided f (or an estimate thereof) is known. This point will be discussed in Section 4.2.1.3. In the following discussion, it is thus assumed that f is known (e.g., f (x) = f (x, t 0 ) as an initial guess). In spirit, this writing is close to that proposed for multiview correlations [42].

The difference here is that the image sequence acquired with a single camera is utilised in order to estimate the reference configuration instead of using multiple cameras for a single time step. Both approaches may be combined to perform spacetime registrations using images shot by multiple cameras.

Given the fact that spacetime analyses are to be run, the sought displacement field is parametrised as

u(x, t) = n x ∑ i=1 n t ∑ j=1 a ij θ i (x)φ j (t) (4.3)
where a space/time separation is assumed in which θ i denote the spatial shape functions (associated with n x degrees of freedom), and φ j the temporal shape functions (with n t degrees of freedom). The determination of the n x × n t unknown amplitudes a ij is performed, for instance, by using Gauss-Newton's scheme [20] in order to minimise the overall gap to gray level conservation (4.2). The amplitude corrections, which are gathered in the column vector {δa}, are iteratively updated by solving linear systems

[H]{δa} = {B} (4.4)
where [H] is the spatiotemporal Hessian, and {B} the spatiotemporal right hand side vector.

Modal decomposition

Reproduced from Section "2.2 -Modal decomposition" of Ref. [1] In the following, a special setting is considered. It allows regular (i.e., instantaneous) DIC codes to be extended to spacetime analyses with minimal changes. In particular, when kernels are available [43] to compute the spatial Hessian [M] and instantaneous right hand side vector {b(t)} dependent on the pixel-wise gray level residuals, they will be used in the proposed implementation as well since there will be no need for assembling the global spatiotemporal Hessian [H].

The spatiotemporal Hessian [H] can be decomposed in the following way thanks to the space/time separation of the sought displacement field [20] H ijkl = M ik Φ jl (4.5)

with

Φ jl = t 1 ∑ t 0 φ j (t)φ l (t) (4.6)
If the temporal shape functions are orthogonal and normalised (i.e., Φ jl = ∆ jl , where [∆] is Kronecker delta matrix), each iteration consists in independently solving n t linear systems with the spatial Hessian [M], namely, similar to any instantaneous computation. The main difference is related to the construction of the residual vector that accounts for the fact that the temporal shape functions may span over the whole time interval [t 0 , t 1 ].

Depending on the choice of the temporal shape functions φ j (t), the previous property is not necessarily satisfied. In that case, the global operator [Φ] may be diagonalised

[Φ] = [V ][D][V ] (4.7)
where [V ] denotes the (orthogonal) matrix whose columns are the right eigen vector components, and [D] the diagonal matrix containing the corresponding eigen values.

If the temporal modes [ψ] are defined as

[ψ] = [D] -1/2 [V ] [φ] (4.8)
where each line k of [ψ] corresponds to a temporal mode ψ k (t) or equivalently

[φ] = [V ][D] 1/2 [ψ] (4.9) then [Ψ] ≡ [ψ][ψ] = [∆] (4.10)
by construction. Consequently, for each mode ψ k , the linear system to solve becomes

[M]{δα k } = {β k } (4.11)
with

{β k } = ∑ t {b(t)}ψ k (t) (4.12)
where {δα k } are the corrections to the spatial degrees of freedom associated with the k-th mode. By looping over the n t modes, all the n x × n t corrections are obtained. Let us emphasise that the spacetime analysis has been turned into n t uncoupled DIC problems where the computation load is similar to instantaneous DIC.

The last step is to update the gray level residuals

ρ(x, t) = f (x) -f (x + u m (x, t), t) (4.13)
in order to evaluate all instantaneous right hand side vectors {b(t)} for the current estimate u m of the displacement field. Let matrix [U] gather the nodal displacement vectors for all acquired pictures (i.e., it is of dimension

n x × N t ) [U] = [α][ψ] (4.14)
Each column {U(t)} is used to compute the current estimate of the displacement field once the values of each spatial shape functions are computed for each pixel location x of the ROI

u m (x, t) = [Θ(x)]{U(t)} (4.15)
This displacement field is utilised to compute the pictures in the deformed configurations f (x, t) corrected by the measured displacement field u m

f u (x, t) = f (x + u m (x, t), t) (4.16) 
The implementation of global spacetime DIC is detailed in Algorithm 2. The inputs are all the acquired pictures f (x, t), the reference image f (x) from which the spatial Hessian matrix [M] is constructed. The node to pixel transformation matrix [Θ(x)] is computed once for all since it is associated with spatial shape functions. Similarly, all the matrices associated with the temporal shape functions (i.e., [φ], [Ψ], [V ], [D]) are pre-computed. Last, initial guesses to the sought degrees of freedom may be given (otherwise, they are assumed to be zero). They are gathered in the n x × n t matrix [a 0 ]. With the chosen modal decomposition, the corresponding initial guess reads

[α 0 ] = [a 0 ][V ][D] 1/2 (4.17)
The iterative scheme then starts. The first step is to compute the gray level residuals ρ(x, t) for all pictures, then the instantaneous residual vectors {b(t)} are evaluated, and from them the modal right hand side vectors {β k }. A loop over all the n t modes is performed to assess all new corrections [δα] in order to update [α]. Since the convergence criterion is written in terms of the norm of the correction matrix [δa], the latter is computed from matrix [δα]. In the following, a value of a = 10 -6 pixel is chosen, which is very severe. An escape condition allows the interruption of the iterative scheme when a maximum number of iterations is reached.

Algorithm 2 Spacetime-DIC algorithm procedure SPACETIME-DIC 2:

while δa > a do [U] ← [α][ψ], u(x, t) = [Θ(x)]{U(t)} Spacetime disp. 4: ρ(x, t) ← f (x) -f u (x, t) Residuals b i (t) ← ∑ x ρ(x, t)(θ i (x) • ∇ f (x))
Right hand side vectors 6:

for k ← 1, n t do {α k } ← k-th column of [α]
8:

β k i ← ∑ t b i (t)ψ k (t) Modal residual vector {δα k } ← [M] -1 {β k }
Resolution per mode 10:

{α k } ← {α k } + {δα k } Update of modal disp. vector end for 12: [δa] ← [δα][D] -1/2 [V ] end while 14: [U] ← [α][ψ], u m (x, t) = [Θ(x)]{U(t)} Converged spacetime disp. ρ conv (x, t) ← f (x) -f u (x, t) Residuals at convergence 16:
return u, ρ conv Displacement and residuals end procedure

Construction of a denoised reference image

Reproduced from Section "2.3 -Construction of a denoised reference image" of Ref. [1]

The previous step was based upon the knowledge of the so-called denoised reference image f . Algorithm 3 shows how this a priori unknown picture is computed. All the precomputation steps mentioned above have to be performed. Further, an initial guess for f is required. Various routes can be followed depending on the situation. The most natural choice consists in choosing the first acquired picture f (x, t 0 ) as an initial estimate. If it were not updated, it would basically correspond to the spacetime framework introduced in Ref. [20]. If more than one picture of the reference configuration are acquired (this is often the case in order to assess the noise level and measurement resolutions [44]), then the average of all these pictures is a better choice (as the noise level could already be reduced by averaging). Another choice may be associated with the fact that instantaneous calculations were run prior to the spacetime analysis so that an initial guess for the sought amplitudes a ij may be inferred [20]. In such cases, all the corrected images f u (x, t) are estimates of the reference image. Their temporal average f u (x, t) t is a good first guess.

The proposed implementation is based on the previous observation. Until the root mean square difference of two consecutive estimates of f becomes lower than a chosen threshold f (here taken equal to 10 -2 gray level, see Section 4.2.2.1), spacetime DIC analyses (Algorithm 2) are run. Once (inner) convergence is obtained, new estimates of f u (x, t) are available. In order to preserve the details in the reference image, f is not replaced by the time average of all the corrected images. An under-relaxation is performed with parameter

0 ≤ ω ≤ 1 f (x) = (1 -ω) f old (x) + ω f u (x, t) t (4.18)
Otherwise, an imperfect initial estimate of the sought displacement field may produce blurred images f u (x, t) t that may hamper or slow down (global) convergence. A value while f (x) -f old (x) > f do 6:

G i (x) ← θ i (x) • ∇ f (x) 7: M ij ← ∑ x G i (x)G j (x) Spatial DIC matrix 8:
call procedure SPACETIME-DIC 9: return f , u, ρ conv 13: end procedure For all the results discussed hereafter, the spatial parametrisation of the measured displacement fields will be based on finite element discretisations with 3-noded triangles (i.e., T3-DIC [6]). The temporal discretisations will be affine for each considered time increment, which is greater than one image (i.e., at least 20 pictures will be considered in each increment). The implementation is performed within the Correli 3.0 framework, which is a Matlab code where the time consuming operations (e.g., computation of gray level residuals) are performed in C++ kernels called as MEX files [43].

f old (x) ← f (x) 10: f (x) ← f (x) - ω n t ∑ t ρ conv (x,

Coated SiC/SiC composite heated at very high temperatures

In this section, the displacements of a coated SiC/SiC CERASEP A600 under 3D thermal gradients induced by a CO 2 laser are analysed with the global spacetime DIC framework introduced previously. The description of the related experiment can be found in Section 3.3.1 of Chapter 3, with the analysis of the coated CMC displacements measured with instantaneous DIC for the calibration step (Section 3.3.2) and the heating steps (Section 3.3.3), which exhibited important temporal fluctuations due to heat haze.

Calibration step

Reproduced from Section "3.3 -Construction of denoised reference image" of Ref. [1]

In the sequel, the calibration step of the experiment is further analysed in order to construct a denoised reference image f (x) via spacetime DIC. The reference image f 0 (x) is initialised with the previously introduced reference image (Figure 3.32). An affine basis of temporal shape functions is considered (Figure 4.1(a)) with discontinuities between each time increment. For the first increment (i.e., reference state), only one linear function is selected so that the displacement for the first image u(x, t = t 0 ) is forced to 0. The spatiotemporal displacements [a 0 ] are initialised by performing instantaneous DIC analyses using Fast Fourier Transforms (to evaluate rigid body translations) between the reference image and any picture of the considered time increments. At the end of the complete spacetime algorithm, which converged in approximatively 18 min on a standard laptop computer (16 Go RAM, core i7 processor running at 2.7 GHz), the root mean square gray level residual has dropped from 1.83 (i.e., 0.74 % of the dynamic range of f 0 ) to 1.32 (i.e., 0.53 % of the dynamic range of f ), and the norm of the difference between two successive reference images f (x) -f old (x) stabilises at 1.3 × 10 -3 gray level, as shown in Figure 4.2.

(a) (b) (c) (d) 
With the present results, it is concluded that f = 10 -2 is a reasonable choice. It is worth noting that both converged levels are very low, which validates the registration results and the quality of the camera. The difference between the first guess of the reference image and the converged f (x), which is reported in Figure 4.3, shows a slight correction of f (x) specific to the denoising procedure. The RMS difference between the initial estimate and the converged solution is equal to 1.29 gray level. The spacetime algorithm managed to capture the expected spatiotemporal displacements (Figure 4.4). In this figure, the spatial displacement and residual fields are shown for each beginning and end of all analysed time increments. In the last subplot, the temporal information is highlighted with the red circle. The horizontal and vertical displacement fluctuations remain very small (i.e., mostly of the order of 0.01 pixel or less for the whole step).

Similarly, the gray level residuals reach very low values, as expected from the results of Fig- For further analysis, a snapshot for a line of pixels containing that feature is shown in Figure 4.5. These residuals highlight the persistence of higher levels of that particular pixel location (red area in the left part of some of the residual maps of Figure 4.4) that moves during calibration with an amplitude corresponding to the level of instantaneous horizontal displacements (i.e., ≈ 10.5 pixels). Moreover, it is noted that the residual levels are slightly higher for the two time increments referring to the 0 mm position. Since it is a global spacetime procedure, the weight of these two increments is mitigated and the global residual level reduced, which emphasises the interest of denoising the reference image by considering all images of the calibration phase. .6 confirms that spacetime DIC reduces the overall residuals, in fact even better than instantaneous DIC even though the total number of kinematic degrees of freedom is ten times higher for the latter in comparison with the former. The reason for such a gain is associated with the denoising procedure that reduces the RMS residuals by 1 -1/ √ 2 ≈ 28 %.

In the present case, the mean reduction is equal to 26 %, which is very close to the a priori estimate. When related to the initial gray level residuals (i.e., with no displacement correction), there is a huge decrease that could be achieved thanks to the initialisation procedure explained above. All these observations totally validate the present spacetime implementation based on Equation (4.2). A byproduct of the calibration step is an accurate estimation of the physical pixel size. As a first approximation, it is calculated from the measured horizontal displacement u x (expressed in pixels) compared with the expected (metric) displacement u th x read on the micrometer screw. By using a least squares fit, the physical pixel size of one pixel is equal to 47.3 µm (or 21.1 pixel/mm). A more precise estimate is obtained by considering the L2norm of displacements in order to account for misalignments between the picture frame and the actuator direction. The least squares fit (Figure 4.7) uses an affine function of slope 21.04 pixel/mm and an intercept of 2 × 10 -2 pixel. Thus, the pixels have a physical size of 46.6 µm. FIGURE 4.7: L2-norm of of measured displacements u m (x, t) vs. applied displacement Figure 4.8 shows the standard deviations obtained for the horizontal and vertical displacements for both instantaneous and spatiotemporal approaches. Each symbol corresponds to the average of all standard deviations calculated for each nodal displacement u i

x (t ∈ [t 0,inc : t f ,inc ]) and u i y (t ∈ [t 0,inc : t f ,inc ])) in the considered time increment inc, which is defined for t ranging from t b,inc and t e,inc . The temporal regularisation provided by the present approach allows the uncertainty levels to be decreased by a factor 4.9 (from 0.04 pixel to 0.008 pixel) for the horizontal displacements, and 5.8 for the vertical displacements (from 0.04 pixel to 0.007 pixel). This significant reduction illustrates the gain to be expected from spacetime analyses in which a denoised picture is computed. It is worth noting that the standard uncertainties reported for instantaneous DIC are higher than the usually expected levels (i.e., of the order of 0.01 pixel for the chosen element size [44]). This could be the sign of a temporal modulation due to a heat haze effect at room temperature, and some gray level variations.

Filtering of the heat haze effect at high-temperatures

In the sequel, a focus is made on the heating steps of the experiment performed without or with a fan, referred respectively as second and third step, during which three temperature levels of 0.4T max , 0.7T max and T max (where T max is greater than 1,200°C) were reached.

Reproduced from Section "3.4.2 -Temporal regularisation" of Ref. [1]

The last two test steps are analysed by considering spacetime-DIC with the denoised reference image f (x) constructed thanks to the calibration step and two picture series (with 3,218 and 2,485 images respectively). As previously, the mesh used to evaluate the nodal displacements is that introduced in Section 3.3.2 and the images are masked in the area corresponding to the saturated zone (Figure 3.37). The temporal shape functions are chosen linear and continuous between the time increments (Figure 4.9). The images corresponding to the second step (with no fan) are distributed in 10 time increments. For the third step, 9 time increments are considered.

( 9(ce). Because the length of the time increments is not uniform (e.g., the first time increment in the second step contains 78 frames, whereas the next one includes 541 pictures), the eigen values of the diagonal matrix [D] are more distributed than previously and vary between 241 and 25. However, the conditioning of the matrix is still very good (i.e., 13 instead of 3 in the calibration step). Regarding the associated eigen vectors [V ], the continuity of the temporal shape functions and their non-orthogonality induces a more complex matrix than that obtained in the calibration phase. Here, each temporal shape function contributes to modal shape functions.

The spatiotemporal nodal displacements [a 0 ] are initialised to [0]. The algorithm converges in 14,300 s (i.e., ca. 4 h) for the second test step, and 7,100 s (i.e., ca. 2 h) for the third step, corresponding to a treatment of 4.4 frames/s for the first step and 2.9 frames/s. In comparison, the instantaneous procedure ran in 27,500 s (i.e., 7 h and 40 min) for the second test step and in 16,000 s (i.e., 4 h and 30 min) for the third step (corresponding to a treatment of 2.3 frame/s for the first step and 1.3 frame/s), which shows that spacetime approaches are faster than repeated instantaneous computations. Associated with the use of a coarse spatial mesh combined with the mask, spacetime DIC enables for a smoother and faster (i.e., exponential) convergence (Figure 4.10) even with a severe criterion (i.e., a = 10 -6 ). The change of gray level residuals is presented in Moreover, Figure 4.11(a) validates the fact that the lack of temporal shape functions adapted to the cooling path (that is the separation between transient and steady state parts) leads to higher levels for spacetime-DIC when compared to those obtained for the same temperature level for the heating phase (from picture no. 1148 to no. 1860, which are divided into two time increments). For the first temperature level of the heating phase (steady state defined between pictures no. 965 and no. 1148), the mean gray level residual is equal to 5.3, whereas for the cooling path (steady state and transient defined as one interval for pictures from no. 3155 to no. 3565), the mean gray level residual reaches 7.2, that is 36 % higher.

Similarly, for the second temperature level of the heating phase (steady state defined between pictures no. 1465 and no. 1860), the mean gray level residual is equal to 7.1, whereas for the cooling path (for pictures from no. 2771 to no. 3155) it increases up to 7.4 (i.e., 4 % increase). Hence a more adapted temporal mesh may help the overall residuals to be further reduced, especially in the cooling phase.

Last, in Figure 4.11(a), two peaks emerge in the spacetime-DIC residuals with their correspondence in the form of steps in the instantaneous-DIC residuals. They are related to an unexpected motion of the camera during the experiment that affects the corresponding images (Figure 3.36). The other spikes are also due spurious motions. For the instantaneous approach, this motion is well captured and has no consequence on the residual level, whereas the spatiotemporal approach forbids such sudden motions, and hence, only the residual shows a large increase at this instant. When such an artefact is detected and interpreted as irrelevant for the thermomechanical analysis, the concerned images can be disqualified, or a very local (in time) enrichment allowing for such sudden and large rigid body translation can be added. In the present case, these defective pictures are explained and are discarded.

The new residuals obtained with this treatment are shown in Figure 4.12 and the abnormal spikes have disappeared.

(a) (b) FIGURE 4.12: Root mean square gray level residuals for all analysed pictures of the second (a) and third (b) steps when instantaneous (blue line) and spacetime (red line) DIC analyses are run. For spacetime DIC, a temporal mask is used. The dashed line corresponds to the residuals of the raw picture differences (i.e., with null displacements). The dotted vertical lines depict the time increments.

The converged spatiotemporal displacements are shown in Figure 4.13 for the second step and in Figure 4.14 for the third step. When analyzing the results for the steady states (heating path for the case with no fan), an increasing longitudinal expansion of the CMC beam is observed, with horizontal displacement amplitudes of 0.8 pixel (i.e., ≈ 37.3 µm) for the first temperature level (0.4T max , frame no. 1,148), and 1.3 pixel (i.e., ≈ 60.6 µm) for both second and third temperature levels corresponding respectively to 0.7T max (frame no. 1,860) and T max (frame no. 2,771). A (downward) deflection of the sample with an inflexion point located at the center of the beam is also observed. Regarding the results obtained for the last two time increments (defined between frames no. 2,771 and no. 3,155, and between frames no. 3,155 and no. 3,565), it is not possible to conclude on the displacement shape because the temporal basis appears poor and interpolates the sought displacements for a unique step containing transient/steady state phases. Last, the mask managed to remove the biggest part of the saturation area, leading to consistent spatiotemporal displacements and lower residuals. However, as seen on the plots of vertical displacements u y measured for the second and third temperature levels and on the residuals, the saturation effect is still identifiable as well as a bulge at the free edge of the beam (x ≈ 1, 500 pixels), corresponding to a surface flaw. For the results of the heating phase with fan on, the results are similar to those presented Chapter 4. Spatiotemporal regularisation for displacement measurements above in terms of overall trends. In that case, the increase of longitudinal expansion is more pronounced than previously since the horizontal displacement amplitude varies from 0.7 pixel (i.e., ≈ 32.6 µm) for the first temperature level to 1.3 pixel (i.e., ≈ 60.6 µm) for the third temperature level, with an intermediate value of 1.1 pixel (i.e., ≈ 51.3 µm) for the second temperature level. This is a first indication that the addition of a fan improves the quality of the results, making their interpretation easier. By only analysing the 2D displacements, and especially by comparing the displacements between the first and second time increments of the heating phase with fan (defined respectively in Figure 4.14 between frames no. 3,566 and no. 3,660, and between frames no. 3,660 and no. 3,770), it is not easy to conclude on the utility of the fan. To assess its influence on the heat haze effect (i.e., temporal variations), the change of the standard deviation of measured nodal displacements calculated for each time increment is shown in Figure 4. 15. The reported values correspond to the mean over all nodes of the temporal standard deviation for nodal displacements. The first ten time increments refer to the calibration phase, the time increments from 11 to 20 are related to second step (i.e., heating/cooling with no fan), and the last nine time increments are associated with the third step (i.e., heating with fan on). The fan is turned on at the beginning of time increment no. 22. First, it is worth noting that the spacetime approach has reduced the level of temporal variations of both vertical and horizontal displacements compared to the instantaneous approach. As expected, spatiotemporal DIC filtered out a significant part of the temporal modulations due to the heat haze. Second, to compare the effect of the fan on the temporal fluctuations, only the values corresponding to heating phases calculated via spacetime-DIC are taken into account (i.e., time increments no. 12 to 16 for the heating step with no fan and time increments no. 22 to 28 for the heating step with fan, see Figure 4.15). When restricted to the steady state levels of the heating phases (i.e., time increments 13, 15, 17, 18 with no fan case, and 22, 23, 25, 27 when the fan is on), the mean horizontal fluctuations go from 0.07 pix to 0.08 pixel, and from 0.07 pixel to 0.04 pixel in the vertical direction. The latter is more critical for assessing the beam deflection (i.e., a decrease of 40 %). The fan has a significant effect on the temporal fluctuations in the direction perpendicular to the created air flow.

Summary

Reproduced from Section "4 -Conclusion" of Ref. [1]

A new implementation of global spacetime DIC was proposed herein. It is based on a modal decomposition of the measured displacement field. This approach allows standard (i.e., instantaneous) DIC codes to be extended to spacetime analyses with minimal changes. Such strategies can be extended to stereocorrelation and even digital volume correlation. As shown herein, such approaches allow the measurement uncertainties to be decreased. In the present experimental configuration in which brightness conservation was not satisfied and gray level saturation occurred, it was shown that global (in time) analyses provide sufficient regularisation. Without the latter, instantaneous analyses could not converge.

The second novelty of this paper is associated with the construction of a denoised reference picture by considering a whole set of images (i.e., 217 pictures in the present case). This is an important step associated with spacetime analyses for which the reference picture plays an important role in comparison with all the other pictures. With the present procedure, it was shown that the measurement uncertainties could be drastically reduced.

The experimental test that was studied herein led to very high temperatures on the sample surface (i.e., greater than 1,200°C in the heat affected zone by the laser beam). Since no special heat insulation was required, heat haze effects occurred, which induced rather high displacement fluctuations in comparison with the longitudinal and transverse deformations of the SiC/SiC composite. It was shown that the use of a small fan could reduce by half the displacement fluctuations, which is in agreement with earlier observations [45]. Such studies may also be carried out at room temperature to check such biasing effects.

With the present results, the longitudinal elongations induced by the heterogeneous temperature field could be properly captured. Conversely, the deflection of the sample remains more difficult to quantify. Additional regularisations based, for instance, on beam kinematics [16], or equilibrium gap [9] may allow the vertical deflection to be better assessed. Such information will be complemented by the analyses of the stereovision system data [46], and the thermal measurements that could be associated through hybrid multiview correlation [42,47]. The 3D displacement fields of the sample front face will also be regularised with the same strategy as presented herein in order to obtain measurements with lower uncertainties and fluctuations, which will be used for the calibration of the thermomechanical properties of the studied composite.

Development of PGD-DIC for 2D displacement fields

In this section, the framework of Spacetime-DIC using temporal shape functions constructed "on-the-fly", in a PGD framework, is presented and used to analyse the 2D displacements measured on a SiC/SiC material heated with a flame. The following discussion is adapted from sections (indicated with red boxes) of M. Berny, C. Jailin, A. Bouterf, F. Hild, and S. Roux, "Mode-enhanced space-time dic: applications to ultra-high-speed imaging," Meas. Sci. Technol., vol. 29, no. 12, pp. 1-16, 2018 [2] and additional developments.

PGD-DIC framework

Adapted from Sections "2.1 -Spatiotemporal DIC framework" and "2.2 -PGD implementation" of Ref. [2]

An experiment leads to the acquisition of series of images f (x, t), where x is any pixel position in the picture, and t the considered time. What is sought is the kinematics that is assumed to relate all images through gray level conservation

f (x + u(x, t), t) = f (x) + η(x, t) (4.19)
where η is the noise affecting images, and u the actual displacement field. In the following, the noise will be assumed to be white and Gaussian, hence

η(x, t)η(x , t ) = σ 2 f δ(x -x )δ(t -t ) (4.20)
where ... denote space and time averages, and δ the Kronecker operator. The reference state, f (x), is chosen to be given by the initial configuration at t 0 , so that by definition, u(x, t 0 ) = 0 (4.21)

Unfortunately, because of noise, f (x) is not equal to f (x, t 0 ). Actually, it is unknown, and has to be determined. This is one challenge of the problem.

For any trial displacement field in space and time, v(x, t), the corrected image

f v f v (x, t) = f (x + v(x, t), t) (4.22)
and the gray level residual ρ is defined as

ρ[v](x, t) = f v (x, t) -f (x) (4.23)
Ideally, at convergence, v ≡ u, and ρ should coincide with the noise η. Thus, the maximisation of the log-likelihood leads to the minimisation of the following cost function [48] T

[v] = 1 N t N x σ 2 f ρ 2 (4.24)
where the prefactor is chosen for normalisation purposes, namely, T[u] = 1, when N t is the number of frames, and N x the number of pixels of the ROI. Here ... 2 is the Euclidean L2norm, since noise is assumed to be white (independent) Gaussian and identically distributed (iid).

The displacement field v(x, t) is assumed to be parametrised with (a priori chosen) spatiotemporal fields

Υ i v(x, t) = ∑ i v i Υ i (x, t) (4.25)
and the unknown amplitudes υ i have to be determined. Computing the gradient of the linearised cost function and assuming that ∇

f v ≈ ∇ f ∂T ∂δυ i = 2 N t N x σ 2 f N x ∑ x N t ∑ t=1 ρ[v](x, t)(∇ f (x) • Υ i (x, t)) (4.26)
with respect to the corrections δυ i to the amplitude υ i and its Hessian

∂ 2 T ∂δυ i ∂δυ j = 2 N t N x σ 2 f N x ∑ x N t ∑ t=1 (∇ f (x) • Υ i (x, t))(∇ f (x) • Υ j (x, t)) (4.27)
leads to the following formulation for the correction δυ j

N x ∑ x N t ∑ t=1 (∇ f (x) • Υ i (x, t))(∇ f (x) • Υ j (x, t)) δυ j = = - N x ∑ x N t ∑ t=1 ρ[v](x, t)(∇ f (x) • Υ i (x, t)) (4.28)
Chapter 4. Spatiotemporal regularisation for displacement measurements

The displacement field v(x, t) is written in a separated form that is natural in the present context and not restrictive

v(x, t) = n x ∑ i=1 n t ∑ j=1 a ij θ i (x)ψ j (t) (4.29)
Well-posedness results from an appropriate selection of the above introduced spatial fields, θ i (x) (e.g., spatial finite element shape functions) and time basis functions ψ j (t). The principle of PGD is to incorporate few "modes" along the iterations [33][34][35][36]. Each mode is separated in space and time so that the space field becomes

ϑ(x) = ∑ i α i θ i (x) (4.30)
the time dependence is

χ(t) = ∑ j ν j ψ j (t) (4.31)
and the displacement field reads

v = aϑ(x)χ(t) (4.32)
where a denotes the sought amplitude. Inserting one such mode into Equation (4.28) gives

N t ∑ t χ(t) 2 N x ∑ x ϑ(x) • ∇ f (x) 2 δa = = - N t ∑ t N x ∑ x ρ(x, t)χ(t) ϑ(x) • ∇ f (x) (4.33)
The amplitudes α i and ν j can be chosen so that the space field and the time function are normalised

N x ∑ x ϑ(x) • ∇ f (x) 2 = 1 N t ∑ t χ(t) 2 = 1 (4.34)
To maximise the benefit of this single mode, the space and time dependences are to be optimised. Reverting to the osculating quadratic potential of the cost function, its decrease, ∆, is proportional to

∆ = ∑ x,t ρ(x, t)χ(t) ϑ(x) • ∇ f (x) 2 (4.35)
The first mode of the Singular Value Decomposition (SVD

) of ρ(x, t) = r (x)ζ(t) + h.o.t.
(where is the spatial eigenvector, and ζ the temporal one, and r the eigenvalue) solves this problem in the sense that

χ(t) ∝ ζ(t) (4.36) and ϑ(x) • ∇ f (x) ∝ (x) (4.37)
Using the normalisation conditions, the above proportionalities are in fact equalities (up to sign conventions). Thus the time history is entirely determined. However, the displacement field is not. This is due to the fact that only the displacement component that is aligned with the gray level gradient is constrained. All displacement fields that would be tangent to iso-levels of the gray level pattern never come into play in DIC. One of the reasons to have a very fine speckle pattern is to make sure that those fields are nonphysical.

In order to solve this problem, one strategy is to measure with the highest definition, that is pixel-wise, but keep the displacement field with a coarser resolution. Writing ϑ(x) = ∑ i α i θ i (x), one may seek the set of amplitudes gathered in the column-vector {α} that minimises the quadratic distance to . Thus, a cost function P is introduced

P[{α}] = ∑ x ∑ i α i θ i (x) • ∇ f (x) -(x) 2 (4.38) leading to ∑ x ∑ j α j θ j (x) • ∇ f (x) -(x) θ i (x) • ∇ f (x) = 0 (4.39)
or equivalently

[M]{α} = {β} (4.40)

with

M ij = ∑ x (θ i (x) • ∇ f (x))(θ j (x) • ∇ f (x)
)

β i = -∑ x (θ i (x) • ∇ f (x)) (x) (4.41)
It is noteworthy that [M] is exactly the standard DIC matrix [49], and solving the above equation for {α} is exactly one classical DIC iteration if is interpreted as a residual field. Actually this is exactly the case since it is the spatial mode of a spatiotemporal residual ρ.

Thus it appears that for the present problem, PGD reduces to a mere POD decomposition of the residual field over time, where each mode feeds an instantaneous DIC analysis. This equivalence does not come as a surprise since the time dimension plays a minor role in the DIC problem. Yet, the incorporation of such a modal approach in spatiotemporal DIC frameworks brings a number of advantages, detailed below, and [...] differs significantly from a simple POD decomposition of images (unless the displacement amplitude is so low that the motion can be accurately described with the image gradient). When one single mode is considered, the residual first decreases, but soon reaches a steady value as it is progressively pushed into the kernel of the [M] matrix. This does not mean that no additional information in ρ may be interpreted as due to displacements, but simply that the dominant mode for the residual is progressively exhausted. Consequently, more modes are to be considered. Thus, a number N m of retained modes corresponding to the largest temporal eigenvalues is introduced. [In the sequel, the spatial mode associated with the k-th largest eigenvalue of the spatiotemporal residual ρ is denoted k , the related modal right-hand side member {β k } and the spatial modal displacement correction {α k }].

Additional regularisations

Reproduced from Sections "2.3 -Regularisation" of Ref. [2]

As seen above, PGD and POD are excellent ways to reduce the complexity of the problem in terms of degrees of freedom. However, neither specific smoothness nor regularity constraint were prescribed to the modes. Both low and high frequencies are expected to be present in the modes as called by the properties of the residuals. Consequently, noise sensitivity is expected to occur in particular for the temporal response [20]. It is proposed to mitigate such effects by considering either so-called soft or hard regularisations [50].

The philosophy of regularisation is to reduce the number of degrees of freedom for better conditioning, or dampen their fluctuations by penalising them, and from there results the benefit of designing the best fitted description involving the smallest number of parameters. The limit of this approach is that, without prior information, the range of considered displacement fields may be too limited to precisely account for the actual kinematics.

Temporal regularisation

Adapted from Sections "2.3.1 -Temporal regularisation" of Ref. [2]

This subsection addresses two possibilities to introduce such regularisation, and the time dimension is considered first. The first route, which is referred to as "hard regularisation," consists in choosing a basis of functions in time, rich enough to provide a fair representation of the actual time history but with the required regularity or smoothness. For instance linear [18] or tent shaped functions (i.e., 1D regular linear finite elements [1,20]) will provide C 0 continuity. Cubic splines provide a higher (i.e., C 2 ) regularity. Band limited Fourier modes are also a convenient way to tune smoothness at will [40]. Let us call ψ i (t), the i = 1, ..., M functions generating the space of admissible time variations. This basis, without restriction, can be considered as orthonormal with respect to the Euclidean scalar product

N t ∑ t=1 ψ i (t)ψ j (t) = δ ij (4.42)
The tensor

Ψ(t, t ) = ∑ i ψ i (t)ψ i (t ) or [Ψ] = {ψ} • {ψ} (4.43)
is thus an N t × N t projector. Hence, a first poor-man solution consists in filtering the time modes as { ζ} = [Ψ] • {ζ}. However, in so doing, the ranking of the modes inherited from the PGD procedure is lost. A better way consists in considering the PGD approach as would result from such a choice of temporal variations in the very root of the DIC formulation. In such a case, the residual ρ(x, t) would simply be filtered in time as ρ(x, t) = ∑ t Ψ(t, t )ρ(x, t ), from which the above PGD approach can be conducted, thereby leading to better suited modes.

In terms of implementation, since the number of pixels is generally much larger than the number of frames, i.e., N t N x , it is convenient to compute the temporal modes first, and derive the spatial modes afterwards. Thus, with no time regularisation, the temporal modes are the eigenvectors associated with the highest eigenvalues of the symmetric matrix

R(t, t ) = ∑ x ρ(x, t)ρ(x, t ) (4.44)
To include regularisation, it suffices to consider the dominant modes of

[ R] = [Ψ] • [R] • [Ψ] (4.45)
that is a very cheap change, and it allows the regularisation to be tuned with a very mild intrusiveness.

The second route, designated as "soft regularisation," rather than restricting abruptly the space in which ζ(t) is defined, proceeds through a more gradual penalty [50]. For instance, to limit high frequency variations in ζ(t), they can be dampened by computing γ(t) such that

S[γ] = (1/2) ∑ t (γ(t) -ζ(t)) 2 + L 2 t 2 ∑ t dγ dt 2 (4.46)
is minimised. The first term of the sum, which corresponds to attachment to the data, binds γ to ζ, whereas the second term penalises the rapid time fluctuations of γ. The L 2 t weight can be seen as the square of a time scale L t below which oscillations are filtered out (i.e., the cut-off time of this low-pass filter). If the finite difference operator [D] is introduced for the time derivative, the solution to the above minimisation obeys

([I] + L 2 t [D] [D]){γ} = {ζ} (4.47)
This observation prompts for the introduction of [N] is no longer a projector. However it is also a symmetric operator and its eigenvalues lie within the interval [0; 1], thus some modes may be dampened in the "soft" approach whereas they were either kept or suppressed in the "hard" regularisation. As previously noted, the best way of introducing this regularisation is to apply [N] to the residual prior to the PGD procedure, and thus it simply consists in considering the highest eigenvalues of

[N] = ([I] + L 2 t [D] [D]) -1 (4.
[ R] = [N] • [R] • [N].

Mechanical regularisation

Reproduced from Sections "2.3.2 -Mechanical regularisation" of Ref. [2]

The same type of regularisation could be performed over the spatial component. In particular, the "hard regularisation" route can already be read in the implementation of the finite element mesh. Having a coarse or fine mesh is a way to tune spatial regularity. However, changing the mesh is not a simple operation, and everything has to be coded anew, and for this reason, a "smooth regularisation" is preferred as the mesh may remain unchanged.

Although the above formulation could be used, this was not the choice made herein, and an already existing DIC framework is utilised where the penalty functional is added to the DIC functional. The so-called equilibrium gap penalises the displacement fields that deviate from being the solution to a homogeneous elastic problem [51,52]. As compared to a plain DIC formulation, only the Hessian, [M] (see Equation (4.41)), is modified by the addition of another symmetric matrix [M m ], which is scaled by a weight that introduces a length scale L m similar to the above L t [9,53]. Because of this particular way of spatial regularisation, no interference is made with the PGD approach that is computed on the second member (i.e., the residual) only. The linearity of the DIC problem in the immediate vicinity of the solution guarantees that the superposition of regularised displacement fields will be itself a regularised field, and hence, it suffices to solve for the displacement field attached to each mode ω(x) with the appropriate regularised Hessian to generate the (spatially) regularised time history when weighted by the corresponding temporal eigen mode ζ.

Extension of 2D spacetime DIC to brightness and contrast corrections

In this section, the framework for brightness and contrast corrections is presented for an instantaneous formulation, before being extended to spatiotemporal analyses. The registration between the reference image f (x) and a deformed image g(x) is based on the gray level conservation assumption [5,14,44]. However, this assumption needs to be relaxed since imaging cannot always be performed with constant lighting conditions. This is especially the case when performing DIC at high temperatures, during which important variations of brightness and contrast occur [45,54,55] up to the saturation of the images.

The relaxed gray levels conservation assumption introduces, in addition to the displacement field u(x), two fields that are the brightness field b(x) and the contrast field c(x), which correct the deformed image g(x) according to [49] g

(x) = g(x + u(x)) -b(x) -c(x) f (x) (4.49) so that f (x) ≈ g(x) (4.50)
or equivalently, Equation (4.49) becomes

f (x)(1 + c(x)) + b(x) ≈ g(x + u(x)) (4.51)
The brightness and contrast fields can, similarly to the displacements, be spatially parametrised with FE shape functions so that

b(x) = ∑ i b i θ i (x) c(x) = ∑ i c i θ i (x) (4.52)
It can be noted that the choice of the same spatial parametrisation as for the displacements, through FE shape functions θ(x), is not mandatory but is done here for the sake of simplicity.

Consequently, the complete DIC procedure is reduced to the registration between a corrected reference image f (x) = f (x)(1 + c(x)) + b(x) that embeds the brightness and contrast variations [10] and the deformed image g(x) that will be corrected by the displacement field into g(x) = g(x + u(x)).

The overall residuals ρ all (x) to minimise write

ρ all (x) = f (x) -g(x) = ρ BC (x) -ρ(x) (4.53)
where ρ(x) is the residuals associated with the kinematic correction

ρ(x) = g(x) -f (x) (4.54)
and ρ BC (x) the residuals associated with the gray level corrections

ρ BC (x) = f (x) -f (x) (4.55)
The linearisation of the functional that minimises that overall residuals ρ all (x) over the ROI leads to the following coupled linear system [49] [M all ]{{δa}, {δb}, {δc}} = {b all } (4.56)

with the global Hessian matrix

M all ij = ∑ x Λ i (x)Λ j (x) (4.57)
and global right-hand side vector

b all j = ∑ x Λ j (x)ρ all (x) (4.58)
where the operator Λ(x) is built depending on the needed correction

Λ i (x) =      θ i (x) • ∇ f (x) for displacements θ i (x)
for brightness

θ i (x) f (x) for contrast (4.59)
Thus, the global Hessian matrix can be decomposed with two blocks, the first one being exactly the spatial DIC matrix [M] and the second one being the Hessian matrix associated with brightness and contrast corrections [M BC ]

M BC ij = ∑ x Γ i (x)Γ j (x) (4.60)
with

Γ i (x) = θ i (x) for brightness θ i (x) f (x) for contrast (4.61)
The two other blocks that are off-diagonal matrices are associated with the coupling between the corrections and the sought kinematics.

To solve the linear system in Equation (4.56), two routes are possible. The first one is a globalised scheme to measure at once the displacements, the brightness and the contrast fields, as proposed by Hild and Roux [49] and by Charbal et al. [15]. The second one is to consider the coupling between the displacements and the gray level correction fields very low, so that a sequential scheme is possible. This algorithmic solution, proposed by Mendoza et al. [10,11], estimates alternatively the displacements and the brightness/contrast (denoted BC) corrections. In the following description of the instantaneous DIC procedure using BC corrections, because the functional associated with these corrections is linear, and for the sake of simplicity, the vector {{δb}, {δc}} will be denoted as {bc}. A first estimation of the displacements u(x) is sought, based on the minimisation of the kinematic residuals ρ(x) between the deformed image corrected by the displacements g(x) and the raw reference image f (x). This step (for which the convergence is not reached) is usually performed in one iteration if the sought displacements are small, or a few ones if the expected amplitudes are higher [56]. The reason to perform this step is that the kinematic corrections are usually more important than the gray level variations and it is better for convergence purposes to have a good estimate of the kinematics. Once this first estimate is obtained, the linear system associated with the BC corrections {bc} is solved to minimise the residuals between the deformed corrected image g(x) and the reference image corrected by the current estimates of brightness and contrast fields f (x), according to

[M BC ]{bc} = {b BC } (4.62)
where [M BC ] is the Hessian matrix associated with brightness and contrast corrections defined in Equation (4.60), and {b BC } the right-hand side member associated with the gray Chapter 4. Spatiotemporal regularisation for displacement measurements

level corrections b BC j = ∑ x Γ j (x)ρ all (x) (4.63)
Then, the displacements are corrected again through one iteration of the registration between the corrected reference image f (x), using the new estimate of the BC fields, and the deformed image g(x). This staggered algorithm is run by performing an iterative correction on the displacements then on the brightness and contrast fields until convergence of all corrections and the minimisation of the overall residuals ρ all over the ROI.

If an image series f (x, t) is now considered, a temporal parametrisation for the BC fields b(x, t) and c(x, t) can be proposed, similar to the displacements (described in Sections 4.2.1 and 4.3.1), with temporal shape functions that are not necessarily identical to those used for the kinematic parametrisation. A sequential implementation is chosen herein, with some differences compared to instantaneous DIC described above. In the developed spacetime procedure, for each update of the spatiotemporal brightness and contrast fields (in one iteration since the problem is linear), a complete convergence on the spatiotemporal displacement corrections is achieved to minimise the residuals between the deformed image series corrected by the spacetime kinematics fu (x, t) and the spatiotemporal correction of the reference image denoted f (x, t), defined as

f (x, t) = f (x)(1 + c(x, t)) + b(x, t) (4.64)
Consequently, the spacetime displacements u(x, t) are assessed (within the previously detailed PGD procedure) by minimising the spatiotemporal residuals ρ all between the reference image corrected by the spatiotemporal BC fields f (x, t) and the deformed image series corrected by the spacetime displacements fu (x, t). To measure the brightness and contrast spatiotemporal fields, the same PGD framework is then applied to the converged residuals to determine the main temporal modes associated with the BC corrections. The linear spatiotemporal system associated to the gray level corrections is therefore brought back to the solution of k independent modal linear systems

{υ k } = [M BC ] -1 {β k } (4.65)
where {υ k } are the modal gray level corrections associated to the k-th mode and {β k } the right-hand side member of the BC procedure using the modal residuals ρ k (x). These residuals are obtained during the SVD of the spatiotemporal residuals operator [R conv ], by considering the mode associated with its k-th largest eigenvalue. Once the gray level corrections {υ k } are assessed, the spatiotemporal brightness and contrast fields are built by projection on the temporal basis and the spatiotemporal correction of the reference image is obtained (Equation (4.64)). The staggered spacetime procedure is repeated on the spatiotemporal kinematic field and gray level corrections until convergence on all sought updates. Consequently, this framework constitutes a complete spacetime PGD-DIC procedure.

Practical implementation

As presented in Section 4.2.1.3, using the corrections of the image series with spatiotemporal displacements allows for the denoising of the reference image f (x) that can be considered as an unknown in the DIC approach. Similarly, by taking into account the potential brightness and contrast (noted [bc]) corrections introduced in Section 4.3.3, it is possible to assess the new estimate of the reference image. The Algorithm 4 presents the implementation of the complete denoising approach of the reference image, which uses spacetime procedures for Additional regularisations and corrections: L t , L m and F BCC Choice of regularisation lengths and activation of BC corrections (flag F BCC equal to 1 (yes) or 0 (no))

while f (x) -f old (x) > f do 8: 

G i (x) ← θ i (x) • ∇ f (x) M ij ← ∑ x G i (x)G j (
end if f old (x) ← f (x) 18: f up (x) ← 1 N t ∑ t f u (x, t) -b t (x) 1 + c t (x) Estimate of reference image with corrected images f (x) ← (1 -w) f old (x) + w f up (x)
Update reference image 20:

end while return f , [U], [bc], u, b, c, ρ all 22: end procedure For a given iteration on the denoising procedure (i.e., an estimate of f (x)), the spatial DIC matrix [M] associated with the FE mesh that spatially parametrises the displacements is built. The spatiotemporal nodal displacements [U] are then measured (and by interpolation of the spatiotemporal pixel displacements u m (x, t) over the ROI) with the corrected image series f u (x, t) and the converged spatiotemporal residuals ρ conv (x, t), through a spacetime PGD-DIC procedure that is presented in Algorithm 5. In this procedure, the spatiotemporal displacements are iteratively assessed by the enrichment of their temporal basis thanks to successive PODs of the spatiotemporal residuals operator [R], which constitutes the PGD nature of the proposed implementation. For each iteration, N m temporal modes are added to the basis, according to a criterion on the ratio between each eigenvalue and the largest (chosen here equal to 10 -3 ). The modal independent linear systems are then solved to update the spatial modal displacements and by projection, the spatiotemporal displacements. The convergence on the spacetime PGD-DIC is achieved once the RMS displacement update {δU} is less than a convergence criterion u (here equal to 10 -4 pixel). During this procedure, additional spatiotemporal smooth regularisations (Section 4.3.2) that are the mechanical and the temporal regularisations can be used, characterised by their respective lengths L m and L t . These regularisations are performed through the respective operators [M m ] (the mechanical Hessian matrix, see line 16 of Algorithm 5) and [N] (see line 9 of Algorithm 5). It is interesting to note the non intrusiveness of the implemented algorithm compared to standard space-time versions of global DIC [20], which allows standard DIC kernels to be used [1,40]. Finally, if all modes are considered from the residual operator diagonalisation (i.e., N m = N t ), then the PGD nature of the Algorithm 5 is erased and only a change of temporal basis is carried out. 

u(x, t) = [Θ(x)]{U(t)} Spacetime disp. (on pixels) ρ(x, t) ← f t (x) -f u (x, t) Residuals 6: R(t, t ) ← ∑ x ρ(x, t)ρ(x, t ) if L t > 0 then
Additional temporal (Laplacian) regul.

8:

[N] ← ([I] N t ×N t + L 2 t [D] [D]) -1 [R] ← [N][R][N] 10: end if for k ← 1, N m do 12: ψ k (t) ← k-th largest eigenvectors of [R] Temporal mode k (x) ← ∑ t ρ(x, t)ψ k (t)
Associated spatial mode 14:

β k i ← ∑ x G i (x) k (x) Modal residual vector if L m > 0 then
Additional mechanical regul.

16:

{δα k } ← ([M] + [M m ]) -1 ({β k } -[M m ][U]{ψ k })
Resolution per mode (with mech. regul.) else 18:

{δα k } ← [M] -1 {β k } Resolution per mode end if 20:
end for

[δU] ← {δα}[ψ]

Correction of spacetime disp.

22:

[U] ← [U] + [δU]

Update of spacetime disp. end while 24:

u m (x, t) = [Θ(x)]{U(t)} Converged spacetime disp. f t (x) ← f (x)(1 + c t (x)) + b(x, t)
Inst. image corrected with current estimate of BC fields, null or not 26:

ρ conv (x, t) ← f t (x) -f u (x, t)
Residuals at convergence on disp. return [U], u m , f u , ρ conv 28: end procedure Moreover, if the relaxation of the gray level conservation is required for the complete procedure (i.e., F BCC = 1 in Algorithm 4, see lines 11-16), then a second spacetime procedure is performed to measure the brightness and contrast fields, as detailed in Algorithm 6. As in instantaneous approaches, the displacement measurements and the gray level corrections are performed within a staggered approach, as explained in Section 4.3.3. Thus, based on the converged residuals at the end of previous spacetime PGD-DIC, the converged spatiotemporal residual operator [R conv ] is built and diagonalised to determine the N m main temporal modes associated with the spatiotemporal brightness and contrast corrections. It can be noted here that no additional temporal regularisation is considered but a strong spatial regularisation of the nodal brightness and contrast field, usually by considering as spatial projection (through the operator [S]) on one linear 4-noded or 8-noded FE element. The N m linear systems are solved independently to update the modal brightness ans contrast fields {υ}, and by projection the spatiotemporal nodal fields [bc]. Once the fields interpolated on the pixels (i.e., {b t (x)} and {c t (x)} are built for each frame), the instantaneous images are corrected with the gray level variations and the spatiotemporal residuals ρ all (x, t) are finally assessed using the measurements of the displacements, the brightness and the contrast corrections.

Algorithm 6 Spacetime BCC algorithm procedure SPACETIME BCC 2: R conv (t, t ) ← ∑ x ρ conv (x, t)ρ conv (x, t )
Residuals operator using converged spacetime disp.

Γ i (x) ← θ i (x) • ( f (x), 1) 4: M BC ij ← ∑ x Γ i (x)Γ j (x) Spatial BC matrix [M BC ] ← [S] [M BC ][S]
Additional spatial regularisation of BC fields 6:

for k ← 1, N m do ψ k (t) ← k-th largest eigenvectors of [R conv ] Temporal mode for BC corrections 8: k (x) ← ∑ t ρ(x, t)ψ k (t) Associated spatial mode β k i ← ∑ x Γ i (x) k (x)
Modal residual vector for BC corrections 10:

{υ k } ← [M BC ] -1 [S] {β k }
Resolution per mode end for 12:

[δBC] ← {δυ}[ψ]

Correction of BC fields

[BC] ← [BC] + [δBC]

Update of BC fields 14:

[BC] ← [S][BC] c t (x) = [Θ(x)]{BC(I x , t)} Pixels contrast field, sorted in index I x 16: b t (x) = [Θ(x)]{BC(I y , t)} Pixels brightness field, sorted in index I y f t (x) ← f (x)(1 + c(x)) + b(x)
Inst. image corrected with BC fields 18:

u(x, t) = [Θ(x)]{U(t)} Converged spacetime disp. ρ all (x, t) ← f t (x) -f u (x, t) Residuals at convergence 20: return [BC], b, c, ρ all end procedure
Therefore, the reference image can be updated, by weighting (with a weighting factor ω, chosen equal to 0.5) its new estimate between previous guess f old (x) and the average of the image series corrected by the displacements and potentially the brightness and contrast corrections f up (x). The estimate of the reference image with the corrected images becomes

f up (x) = 1 N t ∑ t f u (x, t) -b t (x) 1 + c t (x) (4.66)
The denoising procedure is run until convergence, reached when the standard deviation on the difference between two consecutive estimates of the reference image is less than a threshold f , taken here equal to 0.1 GL.

SiC/SiC composite heated at very high temperatures

To illustrate the benefit of the spatiotemporal PGD-DIC procedure, the images acquired by the visible light camera during the heating experiment presented in Section 2.2.1 of Chapter 2 are analysed. In this experiment, a SiC/SiC CERASEP A600 composite sample undergoes a 3D thermal loading through a flame up to a maximum temperature of 1,300°C. The edge (i.e., the thickness) of the sample is speckled to measure with 2D-DIC the in-plane displacements of the material, which are here the vertical displacement u y (corresponding to the longitudinal elongation of the CMC) and the horizontal displacement u x (corresponding to the deflection of the sample). In the sequel, the displacements are, first, measured by instantaneous DIC then compared to two spacetime procedures, the first one being the PGD-DIC approach without relaxation of the brightness and contrast fields and the second one being the complete spatiotemporal PGD-DIC framework introduced in Section 4.3.3.

For both spacetime analyses, the effect of the reference image denoising is assessed.

Regularised measurements with PGD-DIC with no brightness and contrast corrections

To measure the displacements of the CMC sample with global instantaneous DIC, a fine mesh of the material surface is defined. It can be noted that the complete sample is not seen by the visible light camera, but only half of the sample, plus some pixels under the flame position. The FE mesh, shown in Figure 4.16(a), is obtained from the mesh of the FE model of the sample, used to perform the FEMU identification, which will be discussed in Chapter 5. It is composed of 520 3-noded triangular elements of various sizes, depending on the element position along the sample height: the elements between a vertical position Y of 1,000 pixels and 2,000 pixels are finer than those at the top of the sample (with a mean element size of ≈ 14 pixels, instead of 17 pixels), with the exception of the elements located where the flame heats the sample, causing the saturation of the images for these pixels (Fig- To perform the instantaneous analyses of the 338 images acquired during the experiment (without any consideration of brightness and contrast corrections), the first image f 0 of the series is chosen as the reference image. A mechanical regularisation is added with a length of ≈ 10 elements, except for the range of elements at the bottom of the sample (Dirichlet boundary), where a stronger regularisation is applied (with a length of ≈ 12 elements). The convergence criterion is chosen so that the RMS of displacement corrections {δu} is equal to 10 -4 pixel and the instantaneous displacements are initialised for the first image with null displacements, then with the converged displacements of the previous image. It can be noted here that instantaneous DIC does not converge for each image, since important variations of brightness and contrast occur. Thus, at convergence of the analysis, the global RMS residuals for the entire image series is equal to 4.1% of the dynamic range, which is above the conventional level of residuals with global DIC (less than 1%). The nodal instantaneous displacements are shown in Figure 4.17. Under the flame, the material expands to a maximum value of approximatively 6 pixels (i.e., 370 µm) and deflects to a maximum value of approximatively 8 pixels (i.e., 490 µm). However, as seen on the instantaneous displacements, the measurements are significantly impaired by the convection effects due to the flame heating, both at room temperature (i.e., for the images before the image no. 20) and during the heating part of the experiment. Thus, the PGD-DIC procedure is performed, using the same features as before (in terms of mechanical regularisation, convergence criterion and first guess of reference image) and null spatiotemporal displacements as initial guess. An additional temporal regularisation (presented in Section 4.3.2) is applied with a length L t of 10 images (a discussion on the effect of the temporal regularisation length on the displacements can be found in Appendix A). Regarding the denoising procedure of the reference image, the convergence criterion (that is the standard deviation on the difference between two successive guesses of the reference image f ) is set to 0.1 GL.

At the end of the first spatiotemporal procedure (i.e., before the first update of the reference image), the RMS gray level of spatiotemporal residuals is equal to 4.7% of the dynamic range, which is of the same order as those computed with the instantaneous approach (Figure 4.18). This result validates the spacetime PGD-DIC procedure. It is in particular noticeable that the spacetime procedure presents very high residuals for the images acquired at room temperature (20 first images), which is related to the removal from the spatiotemporal Chapter 4. Spatiotemporal regularisation for displacement measurements measurements of the heat waves displacement. In addition to the spacetime PGD-DIC benefit, a significant effect of the denoising procedure is evidenced in Figure 4.18, since it enables, by combining the spatiotemporal displacements and the first estimate of f , to decrease the residuals down to 3.2% of the dynamic range. Finally, when the complete spacetime procedure converges (i.e., stabilisation of the reference image f ), the RMS spatiotemporal residuals is equal to 2.4% of the dynamic range, which highlights the gain in spacetime solution of the DIC problem and the denoising procedure. As opposed to the framework proposed in Section 4.2.1, the PGD-DIC approach builds the modal shape functions iteratively (with, for each iteration, a number N m of modes). Two examples of these modes are shown in Figure 4.19, which were obtained for the first iteration on the PGD-DIC procedure and the 10th one (with f 0 the reference image). The first three modes in Figure 4. 19(a) can easily be related to the thermal loading, as the two following modes enrich the CMC kinematics under heating, which is sensitive to the flame instability (fluctuation of thermal loading). However, as shown in Figure 4.19(b), the approach still needs optimisation, since the contribution of the first three modes (related to the loading) is not completely extracted after the first iteration. A possible improvement could be, first, to reproject the new modes on the previously computed basis (to update the spatial contributions associated with the temporal modes constructed during previous iterations) then the determination of new temporal modes independent of the previous basis. This may improve the algorithm convergence.

Although the complete algorithm is not optimised, it converges to a satisfactory solution with few iterations (Figure 4.20). The nodal spatiotemporal displacements are shown in Figure 4.21 and are consistent with the instantaneous results. It is interesting to note that the temporal fluctuations associated with the heat haze effect have completely been removed and that the PGD-DIC procedure is able to account for the two different kinetics of displacements (the deflection u x being quasiinstantaneous) and for the flame fluctuations (since all nodes are affected by this loading instability). This result is caused by the enrichment of the modal basis with the PGD framework enhanced by the Laplacian operator, which leads to a smooth temporal regularisation. Moreover, with the spacetime approach, the heat waves, which develop vertically (i.e., impair mainly the displacement u y ) and are characterised by moving bands of displacements of high amplitude, are totally filtered out. To further assess the effect of spatiotemporal regularisation, the mean of the nodal standard displacements is computed for the 20 first images corresponding to the room temperature acquisition and for 150 images of the steady state. The temporal fluctuations on the measurements with the spacetime PGD-DIC procedure are compared to the instantaneous results (Figure 4.24). At room temperature, the temporal fluctuations decrease by a factor 1.7 for the horizontal displacement u x (from 0.43 pixel with instantaneous approach to 0.25 pixel with PGD-DIC, or equivalently from 26.5 µm to 15.4 µm) and by 2.2 for the vertical displacement u y (from 0.47 pixel to 0.21 pixel, or equivalently from 28.9 µm to 12.9 µm). It can be noted that the uncertainty at ambient is higher than the one usually reported in the literature [17,57] and quantified in Section 3.3.2 in Chapter 2, equal to ≈ 0.01 to 0.04 pixel. The high level of fluctuations at room temperature can be explained by the fact that the flame heater is also burning before heating of the CMC and located between the sample and the visible light camera. Thus, the heat haze is present before the heating step begins and significantly impacts the displacement measurements for the images acquired at the so-called "room temperature". At high temperature, the effect of the PGD-DIC procedure is also notable since it reduces the temporal fluctuations by 1.9 for u x (from 0.25 pixel to 0.13 pixel, or equivalently from 15.5 µm to 8 µm) and by 2.1 for u y (from 0.21 pixel to 0.10 pixel, or equivalently from 12.9 µm to 6.2 µm) and filters out the heat haze effect.

A final comment can be made on the complete approach regarding the assessment of the reference image. The difference between the first guess of the reference image f 0 and the converged result f (x) is shown in Figure 4.25. This figure highlights the significant denoising performed herein, characterised by an RMS difference between the initial and converged images of 10.6 GL, due to the fact that the heat waves polluted the initial reference image.

x axis (pix.) To conclude, the spacetime PGD-approach offered an efficient framework to measure the real 2D displacements of the CMC sample, which are representative of the thermal boundary conditions (progressive heating, fluctuations of the loading) and not altered by the heat haze effect. The denoising procedure is very useful in this analysis to correct the reference image since all images are impaired by the heat haze. In the sequel, a discussion on the benefit of the brightness and contrast corrections is proposed, since they evolve with the temperature.

Regularised measurements with complete PGD-DIC

In this section, the same image series as previously is analysed with the complete spacetime PGD-DIC procedure, so that spatiotemporal brightness and contrast corrections are also assessed. The brightness and contrast fields are measured on the same mesh as that parametrising the displacement fields and shown in Figure 4.16, but a spatial regularisation (i.e., the operator [S]) is added. The gray level corrections are indeed regularised over one 8-noded element (i.e., a Q8 element) of size the entire ROI. This is relevant since these fields do not usually vary in space. All fields are initialised with zero spatiotemporal amplitudes and the same convergence criteria (on f and u ) as before are chosen. At convergence of the algorithm, the RMS spatiotemporal residuals is equal to 2.1% of the dynamic range, a level close to (but less than) the instantaneous one (i.e., 2.8% of the dynamic range). The addition of brightness and contrast corrections significantly improves the reduction of residuals for instantaneous DIC (from 4.1% to 2.8%), which justifies their use. The effect is less visible for the PGD-DIC procedure, which is expected since these residuals are obtained through the denoising procedure, which induced the main gain in the residual decrease. It is interesting to note that the addition of brightness corrections mainly impacts the beginning of the spatiotemporal registrations. This is related to the important variations in lighting conditions as the heater is moved in front of the visible light camera to impact the CMC sample. This effect is shown in Figure 4.27, which illustrates the change in the mean and standard deviation on gray levels over the ROI for each image acquired during the experiment. As soon as the flame stops moving, the lighting conditions stabilise and the gray level corrections do not evolve anymore. The brightness and contrast corrections are shown in Figure 4.28. The fields are coupled, which is consistent with the evolution of the mean and standard gray levels, which showed that these changes are correlated. Regarding the displacements, the newly measured fields are close to those evaluated during the spacetime approach without brightness corrections (Figure 4.29), with small differences for the nodes with the lower amplitudes, located under the heated area. For these nodes, the RMS displacement differences is equal to 0.11 pixel for the horizontal component u x and 0.37 pixel for the vertical component u y . This result is linked to the benefit of brightness corrections that are considerably different for the top part of the sample and the area close to the flame, which is expected since higher temperatures usually induced gray level variations. It induces a better measurement of the displacements for the bottom part of the sample, as confirmed by the lower level of residuals. Moreover, the brightness and contrast corrections participate in the construction of the denoised reference image that takes into account the effect of the temperature on the gray levels. Figure 4.30 shows the difference between the initial reference image f 0 and the converged estimate obtained with the complete spacetime procedure. The effect of brightness corrections significantly changes the gray levels of the reference image in the central part of the sample (i.e., close to the flame) as compared to the previously built reference image (cf. the associated difference between f 0 and f in Figure 4.25). Consequently, the complete spacetime PGD-DIC procedure shows the advantage of introducing brightness and contrast corrections. More precise displacements were measured and a cleaner reference image was built, with the removal of all the artefacts associated with temperature changes and the development of heat haze. However, the additional spatial regularisation of the gray level corrections appears too strong (regarding the measured brightness and contrast fields shown in Figure 4.28) and should be relaxed by using a finer mesh with an intermediate size between the unique Q8 element and the very fine mesh used for displacement measurements. Thus, since the presented results are preliminary and require more analyses, the spatiotemporal kinematic fields measured with the PGD-DIC procedure with no gray level corrections (Section 4.3.5.1) are deemed more reliable and will be used for identification purposes.

Summary

In this section, a simple methodology for spatiotemporal registrations, based on the Proper Generalised Decomposition, was proposed to perform DIC analyses. Similarly to the work proposed in Ref. [41] and in Section 4.2, the displacement is parametrised over space and time, considered as separated variables. In this framework, the temporal (i.e., modal) shape functions are assessed "on-the-fly" within the spacetime DIC procedure, through the SVD of the spatiotemporal residual operator. The temporal basis is enriched as the residuals decrease for each new estimate of the spacetime displacements. The approach was extended to account for brightness and contrast corrections and a complete framework using all three Chapter 4. Spatiotemporal regularisation for displacement measurements corrections was proposed to denoise the reference image, which is interesting in challenging environments such as high temperatures, since (important) variations of gray levels and heat haze effects may occur. The proposed approach is especially interesting for its non intrusiveness, which enables for the re-use of the DIC kernels, and its time computation performance. As an example, the analysis of the large image series used in Section 4.2.2.2 (i.e., 3,218 images, corresponding to the second heating step) was performed in ≈ 9,600 s (i.e., ≈ 2 h and 40 min) on a standard laptop computer (16 Go RAM, core i7 processor running at 2.7 GHz), which represents an important gain in time computation compared to the FE spacetime-DIC algorithm of Section 4.2 (converge achieved in 14,300 s, i.e., about 4 h) and most of all to the instantaneous procedure that ran in 27,500 s (i.e., 7 h and 40 min).

The benefit of the complete spacetime approach that corrected brightness and contrast variations in addition to the displacement measurements was partially shown above in the analysed experiment. The procedure was also carried out for the analysis of a dovetail blade root in a lamp furnace at ≈ 650°C under tension load [58], for which the combination of important heat waves (of amplitude several pixels) and strong gray level variations made difficult standard DIC analyses. The application of the approach on this case illustrated the relevance of this development for experiments at high temperatures.

In previous discussions, the performance of the procedure was illustrated on the measurements of displacement fields that were highly impaired by air convection. The smooth regularisation induced by PGD-DIC enables for the filtering of the heat haze spurious displacements and consequently the reduction of the temporal fluctuations. The improvement of the measurement quality is beneficial for the re-use of the kinematic spatiotemporal fields for the identification of thermomechanical properties under 3D thermal loading.

Spatiotemporal regularisation for global FE stereocorrelation 4.4.1 Spatiotemporal framework and practical implementation

The global spacetime stereocorrelation approach aims to measure 3D surface spatiotemporal displacement fields, parametrised in space through the surface description of the observed object (for instance an FE mesh) and in time, that will minimise the global spatiotemporal residuals (i.e., for all cameras and for all time increments in [t 0 ; t f ]) between the images of the reference state t 0 (denoted f i for each camera i) and the series of images g i acquired for each time increment t by the n c cameras of the deformed configuration ( 

f 1 (t 0 ) f 2 (t 0 ) [Π 2 ]
3D space and time 

X(X,Y,Z,t)

+ FIGURE 4.31: Measurement of spatiotemporal 3D surface displacement by spacetime FE stereoDIC between a pair of reference images ( f 1 (t 0 ), f 2 (t 0 )) and a series of deformed images pairs (g 1 (t j ), g 2 (t j )).

Thus, the functional to minimise writes

η 2 ({a}) = t f ∑ t=t 0 n s ∑ s=1 n c ∑ i=1 g i x i s,0 [Π i ], X (ξ s ) + u i s [Π i ], X (ξ s ) , {a} , t -f i x i s,0 [Π i ], X (ξ s ) , t 0 2 (4.67) 
where the sought spatiotemporal displacement is parametrised, for an FE spacetime stere-oDIC approach, as

u(X, t) = N n ∑ k=1 n t ∑ j=1 a kj θ k (X)φ j (t) (4.68) 
The unknowns [a] = [a kj ] are the spatiotemporal amplitudes of the displacement field, defined over the FE mesh of N n nodes and over n t time increments, θ k (X) the spatial FE shape functions, and φ j (t) the temporal shape functions. Each 3D point X is expressed in the FE parametric space ξ s = (u s , v s ), with n PI evaluation points (u, v). Consequently, the linearisation of the functional in Equation (4.67) leads to the iterative solution of the following spatiotemporal system

{δa} = n c ∑ i=1 [H i ] -1 n c ∑ i=1 {B i } (4.69)
where [H i ] is the spatiotemporal Hessian matrix associated with camera i and {B i } the spatiotemporal right-hand side member associated with the spacetime stereoDIC procedure and gathering the residuals.

Similarly to the framework described for spacetime 2D DIC in Section 4.2.1.2, the separation in the space and time variables introduced in the spatiotemporal displacement parametrisation is used to express, for each camera i, the spatiotemporal Hessian as

H i kjlm = M i kl Φ jm (4.70)
where [M i ] is the stereocorrelation Hessian matrix for a camera i computed for the image of the reference state f i (t 0 )

M i kl = n s ∑ s=1 ∇ f i (t 0 ) • ∂u i s ∂a k (X (ξ s )) ∇ f i (t 0 ) • ∂u i s ∂a l (X (ξ s )) (4.71) 
and [Φ] the global temporal operator matrix, defined by the temporal shape functions φ j (t) as

Φ jm = t f ∑ t 0 φ j (t)φ m (t) (4.72) 
Considering a modal orthonormal basis [ψ], as defined in Equation (4.8) in Section 4.2.1.2, from the basis of temporal shape functions [φ] used for the spatiotemporal parametrisation, the iterative solution to the spatiotemporal linear system in Equation (4.69) is equivalent to an iterative solution of n t independent linear systems of modal stereoDIC, i.e., the solution for each mode q of the modal linear system

{δα q } = n c ∑ i=1 [M i ] -1 {β q } (4.73)
with {δα q } the corrections to the spatial degrees of freedom associated with the q-th mode, and {β q } the modal stereocorrelation right-hand side member associated with the q-th mode, which writes

{β q } = ∑ t n c ∑ i=1 {B i (t)} ψ q (t) (4.74) 
where

B i l (t) = n s ∑ s=1 ∇ f i (t 0 ) • ∂u i s ∂a k (X (ξ s )) gi u (X (ξ s ) , t) -f i (X (ξ s ) , t 0 ) (4.75)
Thus, the complete modal corrections {δα} are obtained by solving each of the n t linear modal systems (Equation (4.73)) and the modal displacements {α} are updated with these corrections. The spatiotemporal 3D displacements are obtained according to

[U] = [α][ψ] (4.76) 
which allows for the computation for each time increment of the instantaneous stereocorrelation right-hand side member {B i (t)} (defined in Equation (4.75)) associated to the instantaneous displacement {U(t)}, corresponding to the t column of the spatiotemporal displacement [U].

The Gauss-Newton algorithm solves iteratively Equation (2.37) until reaching a convergence criterion on the RMS of {δa} (set here at 10 -5 mm), obtained from {δα} thanks to the change of basis.

Validation of the procedure

To validate the previous approach, the images acquired by the stereovision system during the experiment introduced in Section 2.3.1 in Chapter 2 are analysed. In particular, the analysis is performed herein on the 346 image pairs corresponding to the calibration step (i.e., the prescription of in-plane displacements along the Y-direction then the Z-direction), when the fan is on. In the following discussion, only the displacements measured on the calibration target (whose mesh is illustrated in Figure 2.28 in Chapter 2) are presented.

An affine basis of temporal shape functions is chosen. These functions are defined over each calibration step (i.e., for a prescribed position) and discontinuous between each step, so that each prescribed displacements is described by two linear temporal functions (one increasing and one decreasing), apart from the first increment, which is defined by only one linear increasing linear function, to enforce that the displacement for the first image is null (u(X, t = t 0 ) = 0). Thus, a total of 45 temporal shape functions is defined for the 23 applied positions, as shown in Figure 4.32. The discontinuities of the temporal shape functions lead to a global temporal operator [Φ] (Figure 4.33(a)) that is diagonal with independent blocks of size 1 × 1 and 2 × 2. Thus, it is characterised by eigenvectors (Figure 4.33(b)) of values ± √ 2/2 and a very good condition- ing of 2.5 ((Figure 4.33(c)), which is consistent with the overall equivalence of all calibration steps, with minor differences that come from the discrepancy in the size of the steps (varying between 15 and 16 images, depending on the considered step). The same features as those used for instantaneous stereoDIC are selected here for spacetime stereoDIC, namely 528 evaluation points per element (32 per egde) and a convergence criterion on the RMS of {δa} of 10 -5 mm. The spatiotemporal displacements [a 0 ] are initialised using the a priori knowledge of the prescribed displacements, as it was performed for the instantaneous procedure, leading to an initial RMS spatiotemporal residual of 7.3 GL (i.e., 2.85% of the dynamic range). The algorithm converges after 7 iterations with an RMS spatiotemporal residuals of 2.52 GL (or 0.98% of the dynamic range), which is similar to the one obtained with instantaneous approach (2.50 GL). Figure 4.34 illustrates the smooth convergence of the algorithm and the stabilisation of the sought displacements to a solution that minimises the global residuals. The residuals are of the same amplitude for both procedures for all images, which implies that the temporal shape functions are well-chosen and that the spacetime stereoDIC is valid. Thus, the displacements measured during the calibration step (Figure 4.36) are consistent with the prescribed positions. The choice of linear shape functions enables the temporal fluctuations to be reduced over each calibration step and clearly distinguishes (qualitatively) each displacement level, even for the in-plane displacements of magnitude 1 µm, as shown in Figure 4.37, focusing on the small amplitudes of the longitudinal displacement u y and transverse displacement u z . This was not possible with the instantaneous approach. It can be noted that the spatiotemporal displacements, as the instantaneous ones, measured for the images at a prescribed position of u presc. z = 10 µm (step no. 16) exhibit a drift, which can also be observed in the residual changes (Figure 4.35) for the images ranging between 227 and 241. This effect indicates that a problem occurred during this step, possibly the motion of the linear stage during acquisition.
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(c) Using the spatiotemporal displacements, an analysis of the temporal uncertainties per calibration step is made and compared to the results obtained with the instantaneous approach ( The spacetime approach leads, as expected, to an important reduction by 3.5 to 5 of the displacement uncertainties compared to instantaneous stereoDIC, which is a decrease from 0.7 µm to 0.2 µm for the longitudinal displacement u y , from 1 µm to 0.2 µm for the transverse displacement u z and from 2 µm to 0.5 µm for the out-of-plane displacement u x . It can be noted that the in-plane displacement uncertainties computed with the spacetime stereoDIC procedure are of the same level (i.e., 0.2 µm) for all calibration steps, with the exception of the step no. 16 that was discussed previously, and that the out-of-plane displacement uncertainty is 2.5 times higher than the in-plane component, which is expected in stereocorrelation [59].
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It can also be interesting to analyse the effect of the temporal regularisation on the spatial fluctuations of the measurements. As the amplitude of the prescribed displacement increases, the spatial fluctuation rises. This is in accordance with a slight misalignment between the calibration target and the in-plane linear stage, that introduces for the largest translations a spatial gradient in the displacement field, hence the increase of spatial fluctuations. Thus, to analyse more accurately the effect of temporal regularisation on the spatial fluctuations, it is preferable to focus on the small amplitudes (Figure 4.40) where this effect is less prevalent, which corresponds, in addition of that, to the expected displacements of a heated CMC material (i.e., ≈ 100 µm to 200 µm for the longitudinal and out-of-plane displacements, and ≈ 50 µm for the transverse displacement). The spatial fluctuations between instantaneous stereoDIC and the spacetime procedure are reduced for the three components by ≈ 23% when analysing the displacements measured for prescribed motions u presc. y varying between 0 and 500 µm and by ≈ 11% for the displacements corresponding to a prescribed motion u presc. z ranging from 0 to 500 µm. Consequently, for the small magnitudes, an additional spatial regularisation is observed with the spacetime approach thanks to the temporal filtering.

All these elements allow the implemented spacetime stereoDIC to be considered valid and efficient to regularise, in time and space, the 3D surface displacement fields. The next section will focus on the analysis of the heating phase of the CMC sample with the spatiotemporal stereocorrelation procedure.

Measurement of 3D surface displacements for a SiC/SiC composite

In the sequel, the spacetime stereocorrelation approach is used to measure the displacements of the CMC sample surface over the 449 image pairs acquired during the first temperature level for the heating step (i.e., 700°C), when the fan is off. In Section 3.4.3 of Chapter 3, the effect of the heat haze on the displacement measurements was assessed and highlighted the amplification of the temporal fluctuations with the temperature, which is an increase by seven for the longitudinal component u y , by 10 for the out-of-plane displacement u x and by 28 for the transverse displacement u z between the room temperature and 700°C. Moreover, the analysis of the images by instantaneous stereoDIC exhibited the inability to assess, even qualitatively, the transverse and the out-of-plane displacement fields, since the expected displacements were of the same magnitude, or lower, than the temporal fluctuations induced by heat haze. Thus, the following study will investigate the likely benefit of the spatiotemporal approach on the displacement temporal fluctuations.

Effect of FE temporal shape functions on the temporal fluctuations

First, a basis of linear temporal shape functions is chosen for the spacetime procedure. Thus, the first heating level is discretised into 13 time increments (i.e., time intervals), as described in Table 4.1, so that the transient state is divided into several intervals of 11 images each and the steady state into intervals ranging between 51 and 101 images. The reference images correspond to the first image pair, and the 449 following image pairs (numbered from no. 2 to no. 450) are analysed with respect to these reference images. The affine basis (Figure 4.41) is composed of 14 temporal shape functions, continuous between each time increment, so that each interval (except the first one) is described by increasing and decreasing linear functions, and only one constant function for the first increment. ) defined by three or more temporal shape functions (except the first one, since it is constant and discontinuous from the others), with the main modes defined by the steady states (at ambient and 700°C). However, the conditioning of the operator [Φ] is still very good, with a ratio of 30 between the highest and lowest eigenvalues. The CMC sample surface is meshed with 498 T3 elements, as shown in Figure 2.47(a) in Chapter 2, and each element is discretised, in its reference system, into 528 points for the evaluation of the images gradient and the residuals. The spacetime stereoDIC algorithm is initialised with null spatiotemporal displacements, leading to a global spatiotemporal residual of 21.5 GL (i.e., 8.4% of dynamic range), and run until convergence, with respect to the convergence criterion of an RMS {δa} of 10 -5 mm. Figure 4.43 shows the change in the RMS {δa} and the RMS spatiotemporal residuals until convergence. It can be noted here that a faster convergence is achieved with the spacetime algorithm, since the spatiotemporal analyses are performed in 2,662 s (i.e., 44 min 22 s) with an LMT desktop computer (189 Go RAM, processor Intel Xeon E5-2630 with 20 CPUs running at 2.2 GHz), whereas the instantaneous analyses require 4,490 s (i.e., 1 h 14 min 50 s), which represents a gain of 41% in computation time. Thus, after nine iterations, the spatiotemporal residuals drop to an RMS of 4.45 GL (i.e., 1.7% of the dynamic range), which is close to the one obtained with the instantaneous approach (i.e., 3.7 GL, corresponding to 1.4% of the dynamic range). As shown in Figure 4.44, the residuals computed with the spatiotemporal displacement are equivalent to those computed with instantaneous stereoDIC for the fifty first images (i.e., at room temperature) and slightly higher for the following images (heating part). This is consistent with the fact that the spacetime procedure enables for the measurement of the sought displacement of the CMC material under thermal load, while filtering out the displacements due to heat waves, which logically leads to residuals close to the instantaneous ones, but a bit higher. Thus, the procedure being valid with regards to the computed residuals, the measured spatiotemporal displacements can be analysed and compared to those obtained by the instantaneous procedure (Figure 4.45). The chosen temporal parametrisation of the displacements makes it possible to have the CMC material response to the thermal load, while removing the peaks of displacements specific of heat haze effects. An important decrease of the displacement temporal fluctuations, computed for instants of the steady state, is achieved. In comparison with the values computed over 130 images with instantaneous stereoDIC and reported in Chapter 3 (see Section 3.4.3), the mean standard displacement is reduced by a factor 11 for the out-of-plane u x and transverse u z components and by a factor 13 for the longitudinal displacement u y , that is a reduction from 20.5 µm to 1.8 µm for u x , from 16.6 µm to 1.5 µm for u z and from 5.8 µm to 0.5 µm for u y . Since the sample size for the analysis could be seen as small, a second computation of the temporal fluctuations is performed over 220 images, ranging between images no. 230 and no. 449, so that the time increments no. 11, 12 and 13 are covered by the analysis. In that configuration, the reduction in fluctuations is still significant, since it is divided by eight for the out-of-plane component (from 19.2 µm with instantaneous stereoDIC to 2.5 µm with spacetime stereoDIC), by 10 for the longitudinal displacement (from 5.5 µm to 0.5 µm) and by six for the transverse displacement (from 15.7 µm to 2.7 µm). This reduction contributes to filter out temporally and spatially the heat haze, so that all displacement fields are consistent and reliable, as shown in Figure 4.46 Consequently, the spacetime procedure enables for the removal of the spurious displacements, which were impairing each component of the displacement fields, and assesses the real displacement magnitude of the CMC. Thus, under the laser 3D thermal loading (of maximum temperature 700°C), the SiC/SiC sample expands, leading to a longitudinal elongation of 105 µm and transverse expansion of 30 µm, and the free edge (right part of the sample) deflects, with a maximum amplitude of 110 µm. Moreover, the asymmetry of the transverse displacement field exhibits the slight offset in the transverse position of the laser, leading to an asymmetric thermal loading, hence the shape of the transverse displacement field.

Therefore, the implemented spacetime stereoDIC algorithm, which is a simple, fast and adaptable procedure, achieved a significant improvement in the measurement quality and reliability of the CMC sample surface displacements at high temperatures. However, the chosen temporal parametrisation does not appear fully appropriate to describe the transient phase of all three components. Consequently, other descriptions of the temporal parametrisation of the displacements are analysed in the following section.

Effect of other temporal shape functions on the 3D displacements

In the sequel, three other bases of temporal shape functions are investigated, with fewer functions, which implies a stronger regularisation. These bases combine non linear functions and linear FE discretisations, defined on only two time increments, the first one ranging between images no. 2 and no. 50, and the second one between images no. 51 and no. 450. For all three cases that will be analysed hereafter, the linear functions are identical and only the non linear functions differ from one case to another. Regarding the linear parametrisation, the first temporal shape function is a constant defined on the first time increment, corresponding as in previous section to the room temperature, and the second and third ones are two linear increasing and decreasing functions defined over the heating part.

The first introduced basis, referred to as case no. 1, uses the history of the maximum temperature measured during the experiment by the IR camera. The dimensionless signal of temperature constitutes a reference temporal shape function, to which eight associated functions are added. These functions are obtained by modifying the value of the characteristic time, which specifies the kinetics of heating. In this case, six functions are built with characteristic times less than the reference value (speed up kinetics) and two with higher characteristic times (delayed kinetics). The 11 temporal shape functions associated with case no. 1 are shown in Figure 4.47 and the associated global temporal operator [Φ], with its eigenvectors and eigenvalues, are presented in Figure 4.48. Since the functions are only defined over two time increments, 10 out of 11 eigenvectors use the contribution of the second and third linear functions and the non linear ones, the last one being defined only by the constant function. The conditioning of the global operator [Φ] is equal to 64, which is deemed very good.

The procedure converges after 21 iterations in 5,962s (i.e., 1h 39min 22s) with an RMS spatiotemporal residual of 4.45 GL (i.e., 1.7% of dynamic range), which is similar to the previous spacetime approach and close to the instantaneous result (i.e., 3.7 GL). The nodal displacements are shown in Figure 4.49. The measurements are in accordance with instantaneous results and as compared to the spatiotemporal displacements obtained in Section 4.4.3.1, an improvement of the displacements quality is achieved, regarding the transient state. Once again, the temporal fluctuations (computed over 230 images of the steady state) are reduced by a factor of nine for the out-of-plane displacement u x (to a value of 2.2 µm), by 11 for the longitudinal displacement u y (to 0.5 µm) and by six for the transverse component u z (to 2.8 µm). A snapshot of the displacement fields during the steady state is shown in Figure 4.50, which illustrates the spatial regularisation of the measurements through the spacetime procedure. However, the numerous shape functions describing the first heating level introduce a lack of regularisation for the transient state that creates the wavelets on the out-of-plane and transverse displacements, which is not representative of the CMC behaviour. Therefore, another route is investigated, using a reduced number of shape functions, in order to constrain even more the temporal parametrisation of the displacements and reduce the computation time.

For this case no. 2, the temporal basis uses, in addition to the three linear shape functions, the dimensionless maximum temperature and the squared signal, leading to a total of five temporal shape functions (Figure 4.51). As previously, the diagonalisation of the global temporal operator (Figure 4.52(a)) leads to eigenvectors (Figure 4.52(b)) dependent either only on the first constant function or in association with all other shape functions, with the first eigenvector (i.e., associated to the highest eigenvalue) mainly related to the non linear functions, which worsen the conditioning of the matrix ≈ 4.5 ×10 3 (Figure 4.52(c)). The strong regularisation and the well-chosen parametrisation enable for a fast convergence (i.e., after 10 iterations performed in 2,967 s, or equivalently 49 min 27 s) of the algorithm to a suitable solution, since the converged RMS residual is equal to 4.49 GL (i.e., 1.7% of dynamic range), a level similar to other spacetime and instantaneous approaches. The strong temporal regularisation on the spatiotemporal displacements ( Thus, an overall better spacetime description of the displacements is achieved (Figure 4.54), leading to small temporal fluctuations on the steady state (equal to approximatively 0.5 µm, 1.5 µm and 2.7 µm for the longitudinal, transverse and out-of-plane components, respectively), but the chosen parametrisation enforces a temporal change at laser activation (i.e., for image no. 50) in the out-of-plane measurements that appears inconsistent. Since this type of displacement was not evidenced in the less regularised spacetime procedure and in the instantaneous approach, this result must be related to the chosen temporal parametrisation and can be considered as an artefact. Consequently, a last study proposes to use as temporal shape functions an identified exponential function based on the maximum out-of-plane and longitudinal instantaneous displacements. The transverse displacement u z is not used in the following because of the low sensitivity to its measurement compared to the other two components, justified by the magnitude of the instantaneous u z component and its uncertainty level compared to the longitudinal displacement u y . Consequently, the temporal basis of this case no. 3 is defined by five temporal shape functions, shown in Figure 4.55. The diagonalisation to the global temporal operator [Φ] leads to eigenvectors and eigenvalues (Figure 4.56) that can be analysed in the same way as in case no. 2. As previously, the conditioning of the temporal operator is not optimal (equal to 1.5 ×10 5 ) but does not prevent the good convergence of the algorithm in 12 iterations in 3,501s (i.e., 58 min 21 s), which represents a gain of 22% in computation time. At convergence, the RMS spatiotemporal residual is equal to 4.47 GL (i.e., 1.7% of dynamic range) that is similar to all other tested spacetime approaches. The parametrisation used for case no. 3 has the benefit of measuring clean spatiotemporal displacements, both in transient and steady states, as shown in the evolution of the nodal displacements (Figure 4.57). The temporal fluctuations are reduced by a factor of 20 for the out-of-plane component u x (down to 0.9 µm), by 15 for the longitudinal displacement u y (down to 0.4 µm) and by nine for the transverse displacement u z (down to 1.8 µm). These levels are of the same order as the uncertainty levels computed with instantaneous stereocorrelation at room temperature, which proves the spurious contribution of the heat haze effect to the displacement measurement.

To summarise the analysis of the first heating step, an overview of the different tested configurations and the main results are proposed in Table 4.2. Thus, as commented previously, all four spatiotemporal regularisation strategies lead to slightly higher residuals than the instantaneous approach (Figure 4.60), which was expected since the instantaneous displacements combine within them the measurement of the CMC response to the thermal load and the spurious displacements induced by heat haze. Although the values of the converged RMS spatiotemporal residuals are equal for all spacetime procedures, some differences can be noted between the spacetime strategies in the real description of the displacements at laser activation (as shown in Figure 4.60(b)), since the reference case (only linear shape function) and case no. 2 are the only temporal parametrisations with residuals close to those computed with the instantaneous stereocorrelation procedure. This effect indicates that these bases are probably more suited to describe the temporal changes of the displacements at the beginning of the experiment, the rest of the test being described equivalently by all four bases (Figure 4.60(c)). It can be noted here that the increase for all procedures of the RMS residuals is related to the change in brightness and contrast conditions with temperature, which are not corrected by the current stereocorrelation algorithm. a zoom on the beginning on the heating and (c) on the end of the steady state.

However, regarding the results in terms of the quality of the spacetime displacements, the reduction in temporal fluctuations and the gain in computation time, the temporal parametrisation of case no. 3 can be considered as the best choice of temporal shape functions. Thus, this case will constitute the selected strategy to analyse the displacements of the CMC sample surface during the complete experiment, which is the heating at the three temperature levels 700°C, 1,050°C and 1,350°C, with no fan, which is presented hereafter. The displacements, measured over 1,250 images, are parametrised temporally by a total of 11 shape functions that are two exponential functions per temperature level (corresponding to the temporal changes of the maximum out-of-plane and longitudinal displacements, identified on the instantaneous measurements), one constant function for the images acquired at room temperature and four continuous FE linear shape functions defined over the three temperature levels. At convergence of the spacetime stereoDIC procedure, the computed residuals are in good accordance with those obtained with instantaneous approach (Figure 4.61), since the converged RMS spatiotemporal residual, equal to 7.1 GL (2.78% of dynamic range), is close to the instantaneous one (i.e., 6.0 GL, or equivalently 2.33% of dynamic range). This level of residuals demonstrates the good convergence of the algorithm and the measurements of valid spatiotemporal displacements, which can now be compared to the instantaneous results, as shown in Figure 4.62.

( A final comment can be made on the decrease of the temporal fluctuations compared to the mean standard displacements computed with instantaneous stereoDIC. In Figure 4.65 are reported the fluctuation levels on the displacement measurements for all three temperature levels computed for the reference configuration (i.e., the heating step with no fan). The results for the reference configuration are compared to those obtained, on the one hand, with the experimental solution to heat waves mitigation usually reported in the literature (i.e., a fan [45,57,60,61]) and, on the other hand, to the results obtained with the developed spacetime stereoDIC approach.

Chapter 4. Spatiotemporal regularisation for displacement measurements µ FIGURE 4.65: Change of CMC displacement temporal fluctuations for out-of-plane u x (in red), longitudinal u y (in green) and transverse u z (in blue) displacements, computed for the three temperature levels of the experiment when the fan is off (solid lines) and on (dashed lines) using instantaneous stereoDIC (open triangles) or spacetime stereoDIC (solid circles).

The benefit of the spatiotemporal framework is significant compared to the conventional solution of the fan. The approach is not impacted by the temperature, which is consistent with the total removal of the heat haze effect from the measurements. This leads to an important reduction of the temporal fluctuations of the displacements measured at 1,350°C, with a decrease by a factor 23 for the out-of-plane component u x (from 31.9 µm to 1.4 µm), by 46 for the longitudinal displacement u y (from 9.3 µm to 0.2 µm) and by 41 for the transverse displacement u z (from 24.6 µm to 0.6 µm). Thus, the spatiotemporal stereocorrelation approach is an interesting route to measure the displacements of CMC materials in challenging environments, such as test at elevated temperatures.

Summary

In this section, a new and simple framework of global spacetime stereoDIC was implemented. It extends the framework proposed for global DIC [1] to stereocorrelation, using a separated parametrisation in space and time of the displacements. Thanks to a modal decomposition of the kinematic fields, the minimisation of the global spatiotemporal stere-oDIC functional is reduced to a simple solution of modal independent linear systems, which enables for a simple algorithm and faster computations.

After the validation of the approach on the measurement of rigid body motions of the calibration target and the assessment of the uncertainties at room temperature, a spacetime stereoDIC analysis was performed on the heating experiment, during which important heat haze effects occur and impair the measurements of the CMC displacements. Four temporal parametrisations, made of several shape functions as opposed to other works in the literature [40], were proposed and exhibited, for all of them, significant improvements in the measurement quality by decreasing both temporal and spatial fluctuations. The effect of the spatiotemporal framework was shown more beneficial than the addition of a fan that remains (in the literature) the standard solution to the heat haze mitigation. As opposed to instantaneous analyses of the heating part of the experiment (without or with the fan), it is possible with spacetiotemporal stereocorrelation to measure accurately all three components of the CMC displacements, from room temperature to 1,350°C, during the whole test.

Another type of implementation of spacetime stereoDIC could be envisioned, with the "onthe-fly" constructions of the temporal basis through a PGD framework [2,41], and additional regularisations (based for instance on the equilibrium gap [9,53]) and corrections (of brightness and contrast [10,15]) may contribute to an even more precise measurement of the displacement fields. These approaches will constitute interesting future works to achieve a complete framework for stereocorrelation measurements.

However, the recent development of spacetime stereoDIC already gives very satisfactory results. Consequently, the 3D displacement fields of the CMC surface being properly measured (i.e., without the contribution of the heat haze effect), they could be used for the identification of the thermomechanical properties of the studied composite material.

Conclusions

This chapter presented several approaches for spatiotemporal regularisation of 2D and 3D surface displacement fields to deal with the high level of uncertainties and temporal fluctuations (induced by the heat haze effect and evidenced in Chapter 3) that usually impair the measurement quality in high-temperature environments.

All the developed global spacetime DIC and stereoDIC procedures are based on a modal decomposition of the measured displacement field, parametrised with separated temporal and spatial shape functions. Simple and non intrusive implementations were proposed for each approach, which allows for the use of the DIC and stereoDIC C++ kernels of LMT.

Two types of spacetime 2D-DIC were described in this chapter, depending on the choice of temporal parametrisation. In Section 4.2, the benefit of using temporal basis a priori chosen (such as linear FE shape functions) was investigated. This choice completely depends on the user and on the studied experiment, and other types of functions such as additional data (e.g., loading measurements [20]) or other specific functions (e.g., splines [21]) may be considered. Through an elementary change of basis, the spatiotemporal linear system to solve is transformed into a small number of independent modal linear systems, which justifies the simple nature of the implementation. This change of basis is not needed when using the spacetime PGD-DIC framework, presented in Section 4.3, since the different modes are built iteratively, through the enrichment of the spatiotemporal displacement model with a PGD procedure. In this framework, the analysis and modal decomposition of the spatiotemporal residuals is the key to the assessment of the displacements temporal modes, which complete progressively the temporal (i.e., modal) basis. For both approaches, the modal corrections to the displacements are estimated then, by projection, the spatiotemporal displacement fields are obtained. In addition, since high-temperature environments may induce variations of gray levels, the brightness conservation assumption was relaxed within the spacetime-DIC framework. Thus, similarly to the kinematic fields, a spatiotemporal parametrisation of the brightness and contrast fields was proposed and included in a spacetime PGD framework.

As was performed for the displacements, other temporal parametrisations could be chosen and could once again be simply implemented in the currently developed framework. Finally, an extension of the spacetime-DIC with chosen temporal basis was proposed for FE stereocorrelation, with minimal algorithmic changes and different types of parametrisations such as FE linear shape functions, the maximum temperature signal (and associated functions) and the maximum instantaneous displacements.

All procedures were used to analyse large image series acquired at room temperature up to more than 1,200°C to assess the contribution of the temporal regularisation to the reduction of the fluctuations due to the heat haze effect and the improvement of spatial measurements.

It was shown that the measurement fluctuations were drastically reduced at room temperature and a significant enhancement in the measurement quality was achieved, with the decrease of both temporal and spatial fluctuations. The effect of the spatiotemporal regularisation was assessed for the measurements of 2D and 3D surface displacements and shown to be more beneficial than the addition of a fan, which is a conventional way to mitigate the convection effects.

In addition, since heat waves may also corrupt the first images, the spatiotemporal framework can be used as an elementary step for denoising the reference image(s). This approach was developed for the spacetime 2D-DIC and has shown interesting results, since the spatiotemporal residuals were reduced along with the uncertainties.

To conclude, the newly developed spatiotemporal approaches for 2D and 3D surface measurements offered a unique framework, based on the parametrisation in separated time and space variables, that lead to the assessment of the real displacements of a CMC sample under a 3D thermal loading, without the negative impact of temperature (i.e., spurious displacements due to the heat haze effect). Consequently, because the obtained spatiotemporal kinematic fields can be deemed reliable and representative of the boundary conditions, their use for the identification of the thermomechanical properties of the studied SiC/SiC composite material is now relevant and will constitute the next step of this study.

Overview of identification methods

A forward problem consists in determining the unknown output d (e.g., deformed geometry, displacement, stress, strain or temperature fields) of a known system S({p}) (model), dependent of parameters {p} (e.g., geometry and material properties), under an input X (e.g., mechanical load, heat sources or other boundary conditions) as schematically shown in Figure 5.1 [1,2]. Since the forward problem is well-posed [3] in the absence of rigid body motions (i.e., existence, uniqueness and continuous change of the solution with the initial conditions), the solution only depends on the parameters {p}. Thus, to identify these coefficients under the assumption of a forward problem framework, normalised samples are required to obtain a homogeneous response of the material [4]. This requirement highlights the limitation of such identification since homogeneous strain fields are generally not reachable experimentally [5] and need additional instrumentation to be checked (e.g., through DIC measurements). Moreover, to isolate one mechanical phenomenon from the others, numerous and varied experiments are to be conducted [6], which is demanding. This observation calls for the use of other approaches, belonging to the domain of inverse methods.

System

S({p}) d? X

An inverse problem [1,4,7], schematically shown in Figure 5.2, considers the input X and the output d (e.g., measurements acquired during the experiment) as the known quantities and aims to identify the material parameters {p}. Because of measurement uncertainties and model errors, the exact solution does not necessarily exist, making inverse problems ill-posed [3]. However, Tikhonov and Arsenin [8] showed the existence of approximate solutions, also called quasi-solutions. The stability of inverse methods is based on the ratio between abundant experimental data [9], acquired through multi-instrumented experiments using fullfield measurements [7,[10][11][12], and the small number of parameters to identify. This effect enables, whenever possible (i.e., through a sensitivity analysis), the use of additional regularisation strategies to be avoided. In solid mechanics, five main classes of inverse methods can be distinguished (Figure 5. FIGURE 5.3: Relationships between the identification strategies and the fundamental principles of continuum mechanics [7].

System

S({p})? d X

In a recent review of existing identification approaches for elastic cases based on measured displacement fields, Roux and Hild [13] proposed a unified formulation to compare all the above-listed identification methods. The minimisation framework that aims to identify the elastic properties of a material such as Hooke's tensor C({p}), depending on the sought parameters {p}, can be written in a general form

{p} identi f = argmin {p} T({p}) (5.1)
where the functional T({p}) aims at minimising the gap between the computed displacement field {v({p})} (parametrised by {p}) and the measured displacement field {u m }, through a given metric conditonned by the choice of semi-positive symmetric matrices [N].

Thus, the functional T({p}) is written in a general way

T({p}) = ({v({p})} -{u m }) [N] ({v({p})} -{u m }) (5.2)
Figure 5.4 [13] summarises the metrics involved in the different inverse methods that will be briefly described hereafter. FEMU-U is a least squares method that iterates on the direct displacement-based finite element problem to find the best material parameters by reducing the difference between measured and FE computed fields [14][15][16][17]. This method usually requires full-field measurements to be robust. FEMU-F does the same with load data, FEMU-T with thermal measurements, and FEMU-with strain data.

The VFM is based on the weak form of the equilibrium equations and yields directly the material parameter approximations in linear elasticity [7,[18][19][20]. The associated norm for the minimisation is, in this case, the virtual work between the virtual field (i.e., any kinematically admissible displacement field) and the unbalanced forces. Since the method is non iterative, fast solution is achieved for linear problems. However, the approach presents some limitations for nonlinear constitutive equations [19] or when dealing with a large number of parameters, which requires to choose an important set of independent virtual fields and the method has to be iterated.

The CEE method [21,22], initially based on an error estimator for FE computations, was later used for parameter identification with measured displacement fields [12,[23][24][25][26]. Thus, for this method, the constitutive equation is considered in a weak form, since it is an approximate mathematical representation of the observed material behaviour. The unbalanced forces are considered to build the norm of the minimisation functional, introduced within the elastic energy of these unbalanced forces in the statically admissible displacement field {v({p})} -{u m } [24,[27][28][29][30]. Such framework was recently extended to dissipative mechanisms [31][32][33][34] through, for instance, the addition to the previous energy-free error of a dissipation error. Nonlinear problems could be tackled such as the identification of elastoplastic behaviour from full-field measurements [34] or the calibration of three-dimensional nonlinear viscoelastic model from extensometric measurements [33].

The RG method [35][36][37] aims to identify, for instance, a defect in the bulk under the assumption that it has an effect on surface measurements. An adjoint state is defined so that the reciprocity gap between this adjoint state and the experimental state is minimised to obtain the sought parameters [7].

The EG method minimises the error in the equilibrium equations prescribed between the elements in a discretised domain so that the spurious unbalanced forces vanish [38][39][40][41][42][43][44][45]. It is a non iterative method that enables for the identification of elastic fields (contrast) or damage fields and growth laws. A reconditionned formulation was introduced to move from an order 4 spectral sensitivity to an order 0 [43].

Among all the listed methods, the FEMU approach appears able to deal with full-field measurements, which are now democratised in standard experiments for solid mechanics. Although some identifications have been conducted with a FEMU-F framework, using a few number of punctual force measurements [7,46], the main focus of FEMU procedures is on displacement fields [47,48], for which the abundance of data compared to force measurements may allow for a better conditioning of the minimisation problem. FEMU-U identifications have been performed for various material and constitutive models [49][50][51]. For instance, Passieux et al. [52] proposed an interesting approach coupling multi-scale measurements (far-field and near-field) and multi-scale identification (with a global computation and a local one) in one functional to identify the elastic properties of an open hole glass/epoxy composite coupon. Lecompte et al. [53] identified the four engineering constants of a glass-fibre reinforced epoxy composite with a FEMU-procedure dealing with strain fields obtained with DIC analyses for samples of specific geometry (cruciforms with holes).

It can be noted that few studies proposed to combine two types of measurements such as force data from load sensor and DIC measurements into a FEMU-UF framework [4,[54][55][56].

For the reported cases, the authors added each individual functionals with no consideration of weighting. Lastly, regarding the identification of parameters based on temperature fields, FEMU-T approaches were developed [4,57]. Dilhaire et al. [57] investigated the identification of thermal properties of micrometric layers of electronic devices (i.e., conductivity, heat capacity) based on thermoreflectance measurements. Pottier et al. [4,58] proposed to simultaneously use thermal and kinematic fields obtained respectively with an IR camera 5.1. Overview of identification methods
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and through local DIC analyses, to perform the identification of the thermomechanical parameters governing the dissipation associated with plasticity. Although the uncertainties were assessed for the measurements, they were not introduced in the FEMU functional [4].

The author reported a satisfactory identification thanks to the chosen implementation and a low sensitivity of the thermomechanical identifications with respect to the noise level, which may limit the full potential of FEMU-TU approaches. As an alternative to such procedure, Chrysochoos et al. [59][60][61] proposed to exploit IR data, which may be coupled with DIC measurements [59,60], to identify heat sources. For thin flat samples and limited throughthickness thermal gradients, an integrated form of heat equation over the sample thickness is used to evaluate the averaged heat source distribution. The procedure requires partial derivative operators of surface temperatures, obtained from noisy IR images [61,62]. Thus, a pre-processing of the images is requested to reduce the noise amplitude, which can be conducted using spatial filtering of the IR images [63], local least squares fit of thermal signal (e.g., with polynomial functions in space [64]), modal projection based on dynamics [65] reported to be less sensitive to noise or projection on thermal reduced basis built from Proper Orthogonal Decomposition (POD) performed on the IR images [66].

In these works, there were often no specific considerations on the weighting of the FEMU functional, nor on the identifiability of the parameters. Nonetheless, some authors proposed to tackle the problem. Amiot et al. [42] studied the sensitivity to the load and elastic properties to develop a suitable identification strategy (through EG accounting for modelling errors) from full-field measurements on micro-electo-mechanical systems. The authors took into account measurement uncertainties in their identification strategy. Avril et al. [67] introduced optimal virtual fields that were the least sensitive to measurement uncertainties. Other authors proposed a weighted FEMU-U framework [48,54] that uses the cost-function as a statistical estimator to be a weighting factor for the computed nodal value, which is then compared to the corresponding local measurement. Other choices of weighting can be made, such a the local measured response [56,68,69] or even the maximum experimental displacement value [56].

As an alternative, Gras et al. [70,71] proposed to use the entire knowledge of measurement uncertainties, gathered in the covariance matrix, to weigh the FEMU-U functional so that the parameters are identified with respect to the noise level and each measured nodal displacement contributes to the identification procedure by its own merit (i.e., level with respect to measurement uncertainties). This proposition was re-used later on at the microscale by Guéry et al. [72], at the mesoscale by Mathieu et al. [73,74] with FEMU-UF approaches, and Cosseron [75] at the macroscale via FEMU-U or FEMU-. For all these works, the authors referred to a Bayesian approach [76], so that the uncertainties on the parameters (full covariance matrix) could be assessed [74].

A final comment can be made here on Integrated-DIC (I-DIC) that identifies parameters directly within the DIC framework (see Section 1.2.2.2). The identification step is performed in the DIC solution to reduce the gap between the computation and the experiment directly on the images [77][78][79][80][81][82]. The approach can be coupled with FEMU-like functionals for identifications based on combined types of measurements, such as the FEMU-F/I-DIC framework proposed by Mathieu et al. [74]. The authors showed that in the limit of low acquisition noise, weighted FEMU-U converges toward I-DIC. Recently, Neggers et al. [83] considered, at the same time, three experiments on an aluminium alloy to perform a FEMU-UF identification of eight parameters of an anisotropic elastoplastic law (i.e., the so-called Hill 1948 model).

In summary, the FEMU method appears as a suitable and versatile choice to perform the identification of complex cases. It is non intrusive so that it can easily be implemented and used with the computational tools available at SAFRAN Group, which can vary depending on the company. In addition, there are virtually no limitations on the complexity of the model so that both linear and nonlinear models can be identified with such FEMU procedures. Lastly, the framework allows for the explicit account of the measurement uncertainties, which is essential to accurately identify material parameters based on highly-noised measurements. Therefore, a weighted FEMU-TU framework, based on thermal and kinematic fields and using the covariance matrices as metric, is presented in this chapter and deployed to identify thermal and thermomechanical properties of CMC samples tested at very high temperatures.

Development of a FEMU-TU procedure

FEMU-TU framework

The framework of the developed FEMU-TU procedure (i.e., based on both thermal and kinematic full-field measurements) is introduced hereafter. It is based on the content of a submitted article (T. Archer, M. Berny, , P. Beauchêne, and F. Hild, "Creep behavior identification of an environmental barrier coating using full-field measurements," Journal of the European Ceramic Society, vol. 40, no. 15, pp. 5704 -5718, 2020 [84]), and will be indicated with red boxes. In Ref. [84] that can be found in Appendix B, the FEMU-TU framework was discussed and adapted into a sequential and uncoupled FEMU-T/FEMU-U strategy to identify the creep properties of a coated CMC sample under 3D thermal loading. In the sequel, only identification results obtained through a global minimisation of thermal and kinematic data (i.e., coupled FEMU-TU) will be presented and discussed.

Adapted and completed from Section "4.2.1 -Finite Element Model Updating" and "4.2.3 -Implemented schemes" of Ref. [84] In this section, notations [X] and {X} refer to spatiotemporal matrices or vectors.

The FEMU-TU identification procedure [14,85] aims to identify the sought parameters {p} of a model by minimising the global functional χ TU on thermal (T) and displacement fields (U)

χ 2 TU ({p}) = ωχ 2 T ({p}) + (1 -ω)χ 2 U ({p}) (5.3)
where χ T is the thermal functional, χ U the kinematic functional and ω the weighting factor between thermal and kinematic contributions.

The FEMU-TU procedure relies on a simultaneously weighted [70,71,74] least squares minimisation of thermal and displacement residuals. The residuals for a field X (where X denotes the temperatures T or nodal displacements U) is defined as the difference between the measured data {X m } and the computed ones {X c ({p})}, where the latter are projected in space on the measurement mesh and in time on the experimental time basis. The weighting of each elementary functional is conducted by considering the number of acquired data and used for the minimisation (in space N X and in time N t,X ) and by the associated uncertainties on measurements of the field X (through the covariance matrix [C X ] discussed in the following section). Therefore, the thermal and kinematic functionals are written as

χ 2 T ({p}) = 1 N T N t,T ({T m } -{T c ({p})}) [C T ] -1 ({T m } -{T c ({p})}) (5.4)
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χ 2 U ({p}) = 1 N U N t,U ({U m } -{U c ({p})}) [C U ] -1 ({U m } -{U c ({p})}) (5.5)
The FEMU-TU algorithm, implemented with a Gauss-Newton scheme, iteratively updates the parameters by minimising spatiotemporal thermal and kinematic residuals, gathered in the weighted right-hand side vectors {B X }, according to the linear system

{δp} = (ω[H T ] + (1 -ω)[H U ]) -1 (ω{B T } + (1 -ω){B U }) = [H tot ] -1 {B tot } (5.6)
where, for a given field X, the spatiotemporal weighted Hessian matrix [H X ] writes

[H X ] = 1 N X N t,X [S X ] [C X ] -1 [S X ] (5.7)
and the spatiotemporal weighted right-hand side vectors {B X }

{B X } = 1 N X N t,X [S X ] [C X ] -1 ({X m } -{X c ({p})}) (5.8)
Consequently, the Hessian matrices and the right-hand side vectors are weighted by N X N t,X the total number of data and by the spatiotemporal covariance matrices on the measurements [C X ], which is the optimal choice of metric regarding the uncertainties on the identified parameters [13]. Consequently, prior to a FEMU-TU identification, the quantification of the uncertainties on the measurements is performed, as it was discussed in Chapter 3 for the temperatures (see Section 3.2). Regarding the kinematic data, the noise on the images analysed by instantaneous global DIC can be propagated to the uncertainties on the measured displacements according to [86,87] [

C U ] = 2σ 2 f [M] -1 (5.9)
where [M] is a block diagonal matrix constructed with the DIC Hessian matrix [M] introduced in Section 1.2.2.2, and σ f the standard deviation of acquisition noise.

If the image series is analysed with spacetime global DIC and a denoising procedure is performed as proposed in Chapter 4, then the kinematic covariance matrice becomes [88] [

C U ] = σ 2 f [M] -1 (5.10)
Consequently, the spatiotemporal kinematic right-hand side vector writes

{B U } = 1 σ 2 f N U N t,U [S U ] [M]({U m } -{U c ({p})}) (5.11)
and the spatiotemporal kinematic Hessian matrix

[H U ] = 1 σ 2 f N U N t,U [S U ] [M][S U ] (5.12)
Moreover, the search direction of the FEMU-TU functional is given by the global Hessian matrix [H tot ], defined as the weighted sum of thermal and kinematic Hessian matrices

[H tot ] = ω[H T ] + (1 -ω)[H U ] (5.13)
In a Bayesian approach, the weighting factor between thermal and kinematic parts (introduced in Equation (5.3)) reads [76] 

ω = N T N t,T N T N t,T + N U N t,U (5.14) 
A relevant way to assess the sensitivity of the sought parameters is to analyse the Hessian matrices [89]. The spatiotemporal Hessian matrix of a field X, introduced in Equation (5.7), depends on the sensitivity matrix [S X ] that gathers the sensitivity vectors {S X,p i } of the measured data with respect to an independent variation of each parameter p i

{S X,p i } = {X c ({p dist,i })} -{X c ({p re f })} (5.15)
The set of reference parameters is denoted {p re f } and the set of perturbed parameters used to compute {S X,p i } is denoted {p dist,i } and is equal to the reference set with the i th parameter p i varied with an offset p i . Thus, the sensitivity analysis consists in computing the solution with the initial set of parameters (reference thermal and kinematic fields) then comparing it, through finite differences, with solutions from computations with perturbed parameters.

In addition, to help convergence the algorithm, an additional Tikhonov regularisation is introduced [71], with where itik is a negative power. This regularisation leads to a slight modification of the FEMU-TU system introduced in Equation (5.6)

{δp} = ([H tot ] + [H Tik ]) -1 ({B tot } + {B Tik }) (5.19)
Thus, the corrections of parameters are obtained for a given Tikhonov regularisation and the minimisation stops once the magnitude of the new correction {δp} is less than a criterion p . The Tikhonov regularisation is then relaxed step by step once this convergence is achieved, by reducing the value of itik (i.e., decreasing λ Tik ) until it possibly reaches the lower eigenvalues of the global Hessian matrix [H tot ].

Practical implementation

The FEMU-TU framework presented in Section 5.2.1 was implemented within a generic formulation, so that n T IR cameras and n U displacement fields (i.e., monovision and stereovision systems) can be taken into account in the FEMU-TU functional. Consequently, the global Hessian matrix and global right-hand side vector associated with the n X fields X rewrites in their generalised form as the weighted sum of the contribution of each individual field X, so that

[H X ] = n X ∑ k=1 [H X,k ] = n X ∑ k=1 1 N k X N k t,X [S X,k ] [C X,k ] -1 [S X,k ] (5.20) {B X } = n X ∑ k=1 {B X,k } = n X ∑ k=1 1 N k X N k t,X [S X,k ] [C X,k ] -1 ({X k m } -{X k c ({p})}) (5.21) N X N t,X = n X ∑ k=1 N k X N k t,X (5.22) 
The algorithm, shown in Figure 5.5, describes the different steps of the FEMU-TU procedure for n T = 1 and n U = 1 and for a given Tikhonov regularisation (i.e., a given power itik in Equation (5.18)). The inclusion of additional temperature or displacement fields only implies to loop over the n T and n U contributions when computing the sensitivity fields, the Hessian matrices and the right-hand side vectors. The entire procedure was implemented in a Matlab environment that generates the input files (i.e., the input file .inp and the Fortran subroutine file .f) required to perform computations on the Finite Element software ABAQUS , starts the calculations in ABAQUS and extracts the computed fields and computation data from ABAQUS output files (i.e., the output file .odb and the status file .sta).

corresponding to the sample surface temperature, and the corresponding spatiotemporal covariance matrices evaluated once for all (see Section 3.2 and Equations (5.9) and (5.10)).

The temporal bases and spatial meshes of the measurements are chosen herein as references on which all other fields will be projected, in time and space.

In the studied cases, the modelling of the high-temperature experiments on the CMC samples is made through two sequential transient FE computations, the first one being a thermal modelling and the second one being a thermomechanical computation, which is represented in Figure 5.5. However, this decoupling is not fundamental for the developed algorithm and fully coupled thermomechanical modelling were investigated for other test cases, such as the one discussed in Ref. [84] (see Appendix B). In the case of uncoupled modelling, the computed temperatures of the first thermal FE computation are used as thermal boundary conditions (denoted BC in Figure 5.5) for the second mechanical FE computation. Regarding the kinematic boundary conditions (BCs), it is possible to use standard mechanical BCs proposed by the FE computation software ABAQUS (e.g., clamping) or to apply on a set of nodes the spatiotemporal displacements measured by DIC or StereoDIC, projected on the computation mesh. Moreover, the uncoupling of thermal and mechanical modelling allows for the division of the parameters vector {p} (of size n p ) into a set of thermal parameters {p th } (of size n 1 ) that will modify the thermal computation only and, through the application of thermal BC, the mechanical computation, and a set of mechanical and thermomechanical parameters {p thm } (of size n 2 ) that will only impact the mechanical computation. Thus, the kinematic contribution to the FEMU-TU functional (Equation (5.3)) depends on {p} = {{p th }, {p thm }} and the thermal part on {p th }. Consequently, for each iteration i associated with a current estimate of the parameters {p i } = {{p i th }, {p i thm }}, a number n 1 + 1 of thermal computations is run, which corresponds to one computation with the current estimate of thermal parameters {p i th } and n 1 computations for the sensitivity vectors introduced in Equation (5.15), then a number n p + 1 of thermomechanical computations are run to obtain the displacement fields corresponding to the current estimate of parameters {p i } and the kinematic sensitivity vectors. Both thermal and kinematic sensitivity vectors are computed with respect to an offset equal to 1%.

As highlighted previously, the reference and disturbed temperature and displacement fields are spatially and temporally projected on the respective experimental temporal bases and meshes. Regarding the temporal projection, a simple linear projection is performed between the computation basis and the experimental one, once the beginning of the experiment (i.e., the activation of the thermal loading) has been readjusted. As for the spatial projection, this step is achieved thanks to the calibration of each camera (see Chapter 2). Thus, for an IR camera a single visible light camera, it allows for the 3D model of the CMC sample to be projected onto the 2D images, so that the computed temperature fields can be projected afterwards on the IR pixels and the computed displacements can be projected on the DIC mesh and expressed in the same units as in DIC analyses (i.e., pixels). In the case of stereovision, the global stereoDIC approach also enables for the direct measurements of the displacement fields on the sample surface, once the stereorig is calibrated based on the FE model of the sample. Thus, the computed displacements can directly be compared to the measured ones since they share the same spatial parametrisation and the same units (i.e., mm).

Once the projections are performed and the spatiotemporal sensitivity matrices and spatiotemporal residual vectors are computed, the kinematic and thermal weighted spatiotemporal Hessian matrices (resp., right-hand side vectors) are assessed according to Equations (5.7) and (5.12) (resp., Equations (5.8) and (5.11)). In practice, each time increment of the Hessian matrix [H X ] and the right-hand side vector {B X } being properly weighted, these two spatiotemporal matrix and vector are computed as single spatial matrix [H X ] and vector {B X } with the sum of each weighted instantaneous Hessian matrix [H t X ] and instantaneous right-hand side vector {B t X }. Then, the thermal and kinematic parts are assembled according the value of the weighting factor ω and, once the Tikhonov regularisation terms are computed (Equations (5.16) and (5.17)), the linear system written in Equation (5.19) is solved to determine the sought corrections {δp i } to the parameters for the iteration i. If the RMS corrections is less than the convergence criterion p (taken here equal to 0.1%), then convergence is achieved and if needed, a Tikhonov relaxation can be performed by initialising the parameters with previously converged solution. If the corrections are higher than p , the parameters are updated according to

{p i+1 } = {p i } + {δp i } • {p i } (5.23)
where • refers to as the Hadamard product (i.e., element-wise product). At complete convergence of the algorithm (i.e., when Tikhonov regularisation is relaxed), the sought thermal and thermomechanical parameters are considered calibrated and the thermal and kinematic converged residuals can be analysed with respect to the quantified uncertainties and modelling errors.

Numerical validation

To assess the validity of the developed algorithm, two numerical test cases are studied.

The first one aims to identify the thermal boundary conditions and some thermomechanical properties of a CMC material under a 3D thermal loading, based on temperature and 2D displacement fields, acquired by one (fictitious) IR camera and one (fictitious) visible light camera. This case, referred to as toy model no. 1, is representative of the experiment described in Section 2.2.1, in which a SiC/SiC sample is heated up with a flame. The second case (toy model no. 2) was built to be similar to the experimental setup of a CMC sample under laser loading (see Section 2.3.1), multi-instrumented by three cameras of different modalities (i.e., one IR camera and one stereo-rig). For each toy model, the thermal and kinematic (2D or 3D surface) "measurements" were obtained by computing a reference solution with a set of parameters (denoted in the sequel {p true }) and adding up for each field a noise representative of the real experimental configuration (i.e., related to the associated covariance matrices). The goal of the two numerical test cases discussed hereafter is to check the good convergence of the algorithm regarding a given level of noise. The proper convergence of the FEMU-TU algorithm for data unaffected by noise was also assessed but will not be presented in this section.

Toy model no. 1: high-temperature experiment with one IR camera and one visible light camera (monovision)

The toy model no. 1 consists in a flat dog-bone SiC/SiC composite sample of geometry that of the real experiment (see Section 2.2.1), clamped at the bottom part and free at the top, as shown in Figure 5.6. The clamps are not described herein. The sample is meshed with 9600 8-noded elements, so that five elements are contained in the thickness of the sample and the mesh is locally refined in the central part (heated area). A thermal load is applied on the CMC front surface and is parametrised through five parameters as a surface Gaussian heat flux φ T (X, Y) depending on the position (X, Y) of the barycentre element face

φ T (X, Y) = A exp - (X -X c ) 2 B 2 X + (Y -Y c ) 2 B 2 Y (5.24)
where A is the thermal load power, B X and B Y the widths of the Gaussian load in the X and Y-axis respectively, and (X c , Y c ) the centre of the beam. The surface heat flux is prescribed in ABAQUS software through a user-defined subroutine * DSFLUX.

In this thermal model, no heat loss is considered on the clamps and a constant emissivity ε of 0.8 is applied for all surfaces of the sample. Finally, convection exchanges, modelled with a constant convection parameter h, are considered for all surfaces except the front surface, where the thermal load is applied and for which the radiation effects are prevalent [90]. The thermal computation runs using variable time increments (ranging between 0.001 s and 5 s) so that the maximum temperature difference between two consecutive increments does not exceed 5°C. Regarding the mechanical model, the BNMI-SiC/SiC composite is modelled as a homogeneous material with thermoelastic orthotropic properties that depend on the Chapter 5. Identification of thermomechanical properties of a CMC material temperature. In this model, the thermomechanical property to identify is chosen as the inplane coefficient of thermal expansion (CTE) α 1 = α 2 , which varies with the temperature T.

It is parametrised in the following with two constants α a 1 and α b 1 , so that

α 1 (T) = α a 1 if T ≤ 200°C α b 1 if T ≥ 400°C (5.25)
For temperatures ranging between 200°C and 400°C, the ABAQUS software computes the value for the in-plane CTE with a linear interpolation between α a 1 and α b 1 . Clamping mechanical boundary conditions are applied on the elements of the bottom part of the sample. The thermomechanical computation runs using the previously computed spatiotemporal temperature fields as a thermal boundary conditions, linearly interpolated by ABAQUS on the computed time basis. Fixed time increments are chosen for the thermomechanical computation, equal to 1 s, and 260 s are computed, as it was carried out for the thermal FE computation. Figure 5.7 shows the computed temperatures and displacements for the three components, for the last time increment of the computation that corresponds to an instant from the steady state. The maximum temperature is equal to ca. 1,200°C and the maximum displacements are equal to 335 µm for the longitudinal component (Figure 5.7(b)), ±35 µm for the transverse component (Figure 5.7(c)) and 300 µm for the out-of-plane component (Figure 5.7(d)). The decentering of the beam introduced by the parameters (X c , Y c ) of Equation (5.24), which can be observed experimentally, explains the asymmetry of the displayed displacement fields. The "measurements" used for the next FEMU-TU identification are generated using this FE thermomechanical parametrised by a vector {p} of eight parameters

{p} =                        A B X B Y X c Y c h α a 1 α b 1                        (5.26)
with reference values {p true }

{p true } =                          850 J • K -1 • m -2 15 mm 8 mm -7 mm -1 mm 10 W • m -2 • K -1 2.4 × 10 -6 K -1 4 × 10 -6 K -1                          (5.27)
The temperature fields are acquired for the front face of the sample with a frequency of 5 Hz (projected on the IR mesh constituted of pixels) and the displacements are collected from the edge (through thickness) surface of the CMC, as for the experiment described in Section 2.2.1, with a frequency of 1 Hz (projected on a DIC mesh composed of 128 3-noded elements). Thermal fluctuations and kinematic noise close to those assessed for the experiment are added to the computed fields. For a given value of temperature T i , the associated fluctuation is obtained through a normal distribution of standard deviation σ T (T i ), with the function σ T (T) established in Chapter 3 (Section 3.2.2.2). Figure 5.8 shows the temperature fields used as measurements and the associated thermal fluctuations for three time increments of the experiment. Regarding the kinematic fluctuations, they are also obtained using a normal distribution of standard deviations σ u,x and σ u,y , respectively for the vertical and horizontal displacements of the edge surface. The value of σ u,x (respectively σ u,y ) is computed as the mean of the square root of the diagonal terms of the kinematic covariance matrix [C U ] (defined in Equation (5.10), with σ f = 7 GL) associated with the u x component (respectively the u y component). For this case, σ u,x is equal to 3.6×10 -2 pixel and σ u,y to 4.2×10 -2 pixel. For the sake of simplicity, for a given component of displacement fields, the same value of standard deviation is used for all nodes. It can be noted here that the kinematic uncertainty is close to the experimental data but not completely representative, since the kinematic covariance converged RMS residuals are of the order of the standard deviation of the measurement fluctuations. It was not required to perform so many Tikhonov relaxations since the RMS residuals do not evolve much after the 10th iteration. This effect is related with the lack of sensitivity of the parameters that contribute the most to the eigenvectors associated with the lower eigenvalues of the global Hessian matrix, as shown in Figure 5.11. For a Tikhonov regularisation of power itik ranging between -7 and -10, the algorithm takes into account the lower eigenvalue that is only characterised by the convection coefficient h, which is the least sensitive parameter. Hence the stabilisation of the residuals.

Chapter 5. Identification of thermomechanical properties of a CMC material At convergence of the FEMU-TU algorithm, all sensitive parameters (i.e., A, B X , B Y , X c , Y c and α b 1 ) have been properly identified as reported in Table 5.1, with relative errors significantly lower than 1%. The parameter α a 1 has a low sensitivity because it impacts only pixels of temperatures strictly less than 400°C that are less numerous than those related to the parameter α b 1 . Despite the errors made on the identification of the two parameters h and α a 1 , the thermal and kinematic residuals are very low. To illustrate this statement, six points are chosen on the front face of the sample (Figure 5.17(b)) to compare the temporal history of the locally measured temperatures and those computed with identified parameters (Figure 5.17 In addition, five snapshots are shown in Figure 5.18 that can be compared to the thermal fluctuations representative of the measurement uncertainties. The RMS for each residual map is of the order of those computed for the thermal fluctuations (Figure 5.8(d)(e)(f)). This observation proves the successful minimisation of the spatiotemporal thermal residual. To conclude, a virtual experiment representative of the real test case described in Section 2.2.1 was developed and the FEMU-TU procedure was validated. In next section, a second numerical test case, referred to as toy model no. 2, will be studied to assess the validity of the developed algorithm for an identification based on temperature and 3D surface displacement fields. 
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For this test case, the thermal and kinematic measurements are acquired for the same front surface, which is representative of the experiment of Section 2.3.1. The spatiotemporal temperature fields are treated in the same way as described in previous section (i.e., projected on the IR pixels, on a temporal basis of frequency 5 Hz and corrupted by thermal uncertainties of normal distribution with a standard deviation σ T (T)). The kinematic data are the 3D spatiotemporal displacements of the sample front surface measured on a very fine mesh, shown in Figure 5.21, composed of 8544 3-noded elements. A kinematic noise is added to the reference displacement fields. It is characterised as previously by a normal distribution of standard deviations σ u,X , σ u,Y and σ u,Z (identical for all nodes), applied respectively for the longitudinal displacement u X , transverse displacement u Y and out-of-plane displacement u Z , where (X, Y, Z) is the FE reference coordinates (shown in Figure 5.7). The values of the standard deviations are taken equal to those established in Section 4.4.3.2 for regularised spatiotemporal 3D displacements. It is recalled that the measurement fluctuations were assessed in Section 4.4.3.2 to be lower for the longitudinal and out-of-plane displacements than for the transverse component, which was related to the choice of regularising temporal shape functions (maximum instantaneous longitudinal and out-of-plane displacements). Thus, σ u,X is equal to 0.4 µm, σ u,Y to 1.8 µm and σ u,Z to 0.9 µm, where X refers to as the FE longitudinal axis, Y to the transverse FE axis and Z to the out-of-plane FE axis. Figures 5.22 and 5.23 show the 3D kinematic measurements and the associated displacement fluctuations for the transient and steady states, respectively. For the sake of visualisation, the stereoDIC mesh is not plotted in these figures. Under the 3D thermal load, the sample expands in the plane (Figures 5. The same features as in Section 5.3.1 are chosen to perform the FEMU-TU procedure, namely, the convergence criterion p on the RMS parameters correction is taken equal to 10 -3 , the offset for sensitivity computations is set to 1% and the itik power of Tikhonov regularisation is ranging between -2 to - At convergence of the FEMU-TU algorithm, all sensitive parameters (i.e., all parameters except the convection coefficient) have been identified with relative errors significantly lower than 1%, as shown in Figures 5.25 Since the convection coefficient is not sensitive (i.e., an offset of its value cannot be observed on the temperature and displacement fields) and all the other parameters are properly identified, the thermal and kinematic residuals are very low. The measured and computed temperatures of six points of the sample surface are plotted in Figure 5.30. As opposed to the identification for toy model no. 1 (Section 5.3.1), the Gaussian load parameters are slightly less well identified and exhibit relative errors of order 0.1%. These small differences are sufficient to introduce thermal errors. Consequently, the thermal residual maps ( Similarly, the temporal nodal 3D displacements of six specific points of the CMC heated surface are shown in Figure 5.32. The identification quality is also probed by the kinematic residual maps, shown for the three components of the displacement in Figure 5.33, which can be compared to the displacement noise-floor levels that were artificially added to create the "measurements" (Figures 5.23 The FEMU-TU algorithm was validated for two virtual test cases that were representative of real experimental configurations and involved spatiotemporal full-field measurements of different type (i.e., temperatures, 2D displacements, 3D surface displacements). Very satisfactory results were obtained for both toy models and allowed to reduce the residuals to the measurement uncertainty levels. Consequently, the framework is deemed operational to accurately investigate multiple test cases. Therefore, its use to analyse one of the hightemperature experiments performed on a SiC/SiC composite sample, studied previously, is proposed in next section to challenge the developed algorithm.

Identification of thermomechanical properties of a CMC heated with a flame

The experiment that is analysed herein was presented in Section 2.2.1 of Chapter 2. A BNMI-SiC/SiC composite sample, clamped at the bottom part, is heated locally with a flame and undergoes under this 3D thermal loading an expansion and a deflection. Thanks to the IR camera positioned to monitor the heated front surface of the material and to a single visible light camera focusing on the lateral face of the sample, spatiotemporal temperature and 2D displacements fields are measured. The purpose of Section 5.4 is to analyse these measurements and to identify with the developed FEMU-TU algorithm the thermal boundary conditions and some thermomechanical properties of the CMC material. After a brief reminder of the thermal and kinematic measurements, the FE thermomechanical model associated with this experiment is presented. Then, a sensitivity analysis is proposed to assess the parameters that can be identified with respect to the uncertainty levels. Finally, the identification strategy and the results are discussed.

Thermal and kinematic measurements

The front face of the CMC sample is monitored during the experiment by a FLIR A655sc IR camera that is a polychromatic camera. It was highlighted in Chapter 3 (Section 3.2.2.2) that the studied SiC/SiC material exhibits an emissivity that varies over wavelength and temperature. Since the digital levels (DL) to temperatures calibration curves were not provided by the manufacturer, the temperatures are directly converted from the DL by the IR camera and assessed by FLIR ResearchIR software for a constant emissivity, taken here equal to 0.8. This value, provided by SAFRAN Ceramics, enables for the same estimation of the maximum temperature when using the bichromatic pyrometer and IR camera data, averaged over an area similar to the pyrometer pixel size. However, an important uncertainty remains on the temperature measurements because of the hypothesis of a constant emissivity. Thus, this element will be considered as a source of model error when analysing the identification results. Regarding the uncertainties on the thermal measurements, the spatiotemporal thermal covariance matrix [C T ] will only be related to thermal uncertainty (and not to the fluctuations due to convection effects, nor the effect of emissivity errors), which is characterised by a standard deviation σ T (T) dependent on the temperature, as it was established in Chapter 3 (see Equation (3.11)). A total of 1,564 IR images were acquired at a frequency of 6.25 Hz during 250 s, with 107 images that were acquired before the arrival of the flame on the sample. In order to reduce the computation time, one IR image out of two will be used during the identification procedure. As discussed in Chapter 2, the IR camera is not positioned normal to the sample surface. Thanks to the camera calibration (see Section 2.2.3.2), the projection matrix between the 3D reference coordinates of the FE model and the 2D IR image has been identified. Consequently, it is now possible to project computed temperature fields onto the measurement mesh (i.e., IR pixels) in order to assess the thermal residuals. Moreover, the projection of the sample surface FE mesh enables for the determination of IR pixels that do not belong to the CMC material (but rather are related to the surrounding heated air or the flame). Thus, a spatial mask is applied to the measured temperatures. In addition, since the IR camera is calibrated by the manufacturer for temperatures greater than 100°C, the pixels of real temperature less than this limit, for a given frame, are removed from the identification procedure. Finally, as shown in Figure 5.34(b), the bottom part of the sample contains pixels related to the sample reference (i.e., a series of number, written with paint), of different emissivity.

Consequently, the measured temperatures for these pixels are not the true temperatures, hence their removal. In the end, a spatial mask that is the combination of the three previous observations is applied on the spatiotemporal temperature field. The masked temperature fields corresponding to Figures 5.34 Regarding the kinematic data, 338 images were acquired at a frequency of 1.07 Hz during 360 s, of which 21 correspond to instants before flame arrival. Since the temperatures were measured for only 250 s, the last images will not be taken into account in the FEMU-TU procedure. The 2D displacement fields are measured for the 235 images series with spatiotemporal PGD-DIC (without additional brightness and contrast corrections), as discussed in Section 4.3.5.1 (in Chapter 4). Figure 5.36 shows the nodal horizontal u x and vertical u y spatiotemporal displacements measured on the DIC mesh (Figure 5.36(c)). It is recalled here that these results were obtained at the end of the denoising procedure of the reference image. Since the denoised reference image has been constructed, the spatiotemporal covariance matrix [C U ] is defined by Equation (5.10) and only depends on the DIC matrix [M DIC ] (computed during the PGD-DIC procedure) and on the GL noise-floor level σ f that has been estimated to be equal to 7 GL (i.e., 2.7% of the dynamic range).

The next section introduces the thermomechanical FE model to compute the thermal and 2D kinematic fields that will be compared to the measurements presented above.

Finite element model

The Finite Element model used for the identification performed for the flat dog-bone SiC/SiC composite sample heated with a flame is close to that presented for the toy model no. The thermal parameters used to compute the temperature fields of Figure 5.37(b) and that could be considered for the identification procedure are listed herein. First, the thermal parameters related to the thermal boundary conditions:

• The Gaussian thermal load φ T (X, Y), corresponding to the applied flame heat, is parametrised by five parameters (Equation (5.24)) that are A (thermal load amplitude), B X and B Y (respectively, vertical and horizontal load widths), X c and Y c (respectively, vertical and horizontal position of the beam centre).

• The convection coefficient h.

The emissivity coefficient ε is constant and assumed not identifiable, since it is already considered as an important source of model error, according to the measurements (Section 5.4.1). The other thermal parameters that could be analysed are those of the CMC sample whose values change with the temperature. Consequently, they are parametrised with polynomial functions of the temperature:

• The longitudinal (along the FE X axis) and transverse (along the FE Y axis) conductivity, respectively denoted λ 1 and λ 2 , are parametrised with polynomial functions of order 2 and the out-of-plane (along the FE Z axis) conductivity, denoted λ 3 , is parametrised with a polynomial function of order 4

λ 1 (T) = λ p1 1 T 2 + λ p2 1 T + λ p3 1 (5.31) λ 2 (T) = λ p1 2 T 2 + λ p2 2 T + λ p3 2 
(5.32) Consequently, the thermal model related to the studied experiment is parametrised with a set {p th } of 21 parameters, six being related to the thermal boundary conditions and 15 used to describe the temperature dependence of the thermal material properties.

λ 3 (T) = λ p1 3 T 4 + λ p2 3 T 3 + λ p3 3 T 2 + λ p4 3 T + λ
Regarding the mechanical model, only half of the BNMI-SiC/SiC composite is modelled (Figure 5.40(a), which corresponds to the part monitored by the visible light camera. The CMC is considered as a homogeneous material with thermoelastic orthotropic properties that depend on the temperature and previously computed temperatures are applied as thermal boundary conditions. The temporal 2D displacements measured by DIC for the six nodes at the bottom of the modelled sample are chosen as kinematic boundary conditions for the entire experiment. Thus, for each of the six mentioned nodes, the measured vertical displacements u y (converted in mm into the FE displacements u X ) and horizontal displacements u x (converted in mm into the FE displacements u Z ) are applied for the given node and all the nodes at the same X and Z positions (i.e., for a varying horizontal coordinate Y). Regarding the transverse FE displacements u Y , corresponding to the out-of-plane component of the displacements measured by DIC on the sample edge, no constraint is prescribed. Since the temperatures obtained with the thermal computation are used as boundary conditions for the thermomechanical computation, the thermal parameters are included in the set of parameters {p} that influences the mechanical model. In addition, mechanical and thermomechanical parameters, gathered in the vector {p thm } and that are, for most of them, temperature-dependent, are:

• The CMC sample is thermoelastic, with orthotropic properties, so that it is defined by three Young's moduli E 1 (T), E 2 (T) and E 3 (T), respectively along the X, Y and Z FE axis, three shear moduli G ij (T) (with i and j equal to 1, 2 and 3) in direction j on the plane whose normal is in direction i and three Poisson's ratios ν ij (with i and j equal to 1, 2 and 3), constant with the temperature, for contraction of the material in direction j when an extension is applied in direction i. Each of the three mechanical parameters

E i (T) (respectively, G ij (T)) is parametrised by three coefficients (E p1 i , E p2 i , E p3 i ) (resp., by (G p1 ij , G p2 ij , G p3 ij ), where E p1 i (resp., G p1 ij ) is a constant value when the temperature is less than 800°C and (E p2 i , E p3 i ) (resp., (G p2 ij , G p3 ij )
) are the parameters of a linear function when the temperature is greater than 800°C. Each Poisson's ratio is defined by a constant value ν ij , so that a total of 21 parameters are involved to describe the elastic mechanical of the material.

• The mass density of the material d.

• The in-plane coefficient of thermal expansion (CTE), denoted as α 1 (with α 1 = α 2 ), is parametrised with a polynomial of order 3 and the out-of-plane (along the FE Z axis) CTE, denoted as α 3 , is parametrised with a polynomial of order 4 Consequently, the thermomechanical model is parametrised with a set {p} composed of 21 thermal parameters gathered in {p th } and 31 thermomechanical parameters gathered in {p thm }, for a total of 52 parameters. Thus, it is necessary to analyse the sensitivity of each of these parameters to assess which ones are identifiable with the FEMU-TU procedure with respect to the uncertainty level when using the measurements presented in Section 5.4.1. A sensitivity analysis of the thermomechanical model is proposed in the following section.

α 1 (T) = α p1 1 T 3 + α p2 1 T 2 + α p3 1 T + α p4 1 (5.35) α 3 (T) = α p1 3 T 4 + α p2 3 T 3 + α p3 3 T 2 + α p4 3 T + α

Sensitivity analysis

A sensitivity analysis is performed for the studied model to determine the most sensitive parameter(s), with respect to the uncertainties, among the 52 thermomechanical parameters {p}. The sensitivity analysis is described hereafter. A reference set of parameters {p re f } is chosen and thermomechanical computations are run to compute the reference thermal and kinematic spatiotemporal fields. Then, each parameter is disturbed independently by an offset taken here equal to 5% to compute the disturbed fields. The thermal and kinematic sensitivity vectors are obtained according to Equation (5.15), respectively for nodes of the front surface and edge surface of the sample, which are the measured areas during the experiment. The sensitivity vectors are then projected in time and space onto the experimental time basis and the measurement meshes (IR pixels, DIC mesh) to be consistent with the measured fields. Finally, the weighted Hessian matrices are computed as defined in Equations (5.7), using the covariance matrices presented in Section 5.4.1. Thus, a parameter p i is sensitive with respect to uncertainty level if p th,i is a sensitive thermal parameter ⇔ H ii T ≥ 1 2 = 400 (5.37)

p i is a sensitive parameter ⇔ H ii U ≥ 1 2 = 400 (5.38)
where H ii T (resp., H ii U ) is the dimensionless thermal (resp., kinematic) Hessian matrix diagonal term associated with a parameter p th,i (resp., p i ). Consequently, the higher a Hessian matrix diagonal term with respect to this limit of 400, the more sensitive the related parameter with respect to measurement uncertainties. In addition, the off-diagonal terms are interesting to analyse since they indicate correlations between parameters and how a small error on a parameter estimation can cause an error on the other parameter estimation. The computed dimensionless spatiotemporal Hessian matrices are shown in Figure 5.42 for the thermal Hessian matrix (of size 21 × 21) and in Figure 5.43 for the kinematic Hessian matrix (of size 52 × 52). In these figures, the Hessian matrices are represented as square matrices of size the number of parameters, where the values of the absolute components are expressed in logarithmic scale (base 10) and where the sign of the components (plus or minus) of the matrix is plotted for each component. Thus, when analysing the dimensionless spatiotemporal Hessian matrix [H T ] (Figure 5.42), the sensitive parameters are those describing the Gaussian load Φ T (i.e., A, B X , B Y , X c and, to a lesser extent, Y c ), the thermal evolution laws of the longitudinal conductivity λ 1 , the out-of-plane conductivity λ 3 and the specific heat capacity C p . Regarding the dimensionless spatiotemporal Hessian matrix [H U ] (Figure 5.43), the sensitive parameters are A, B X and B Y that change the magnitude and widths of the thermal loading, those associated with the evolution law of the out-of-plane conductivity λ 3 (which impacts the deflection of the sample) and among the 31 thermomechanical parameters {p thm }, only those related to the in-plane coefficient of thermal expansion α 1 are sensitive.

To illustrate the effect of these parameters on the computed fields, some sensitivity fields are plotted. The first observation is that the most sensitive parameters have a clear signature, which can be a local increase of the temperature concentrated on the central part (A, C p ) or with two symmetric fronts (B X ) or an antisymmetry of thermal fields due to an offset (X c ). Since the temperature measurements are corrupted by a high level of noise, the effect of the convection coefficient h is limited. Moreover, since convection exchanges are less dominant than the Gaussian flux for the front surface of the sample, a lack of sensitivity was expected for this parameter. Finally, it is interesting to analyse the change of sensitivity of the specific heat capacity parameter C p that is highly sensitive at transient states but less during the steady state, compared to other parameters. This effect is related to the importance of this coefficient, through the thermal diffusivity κ i = λ i /dC p (where d is the mass density) of the material, that is only activated during the transient stage. Thus, by considering the entire experiment, the effect of the specific heat capacity C p is less significant.

The same type of analysis can be conducted on the kinematic sensitivity fields, plotted in Figure 5.45 for the parameters related to thermal boundary conditions (A, B X , X c ) and the out-of-plane conductivity λ 3 and in Figure 5.46 for the constant parameters of the thermal law of the specific heat capacity C p , the in-plane CTE α 1 and the out-of-plane CTE α 3 . The vertical and horizontal sensitivity fields are represented on the DIC mesh and expressed in pixels/ . As expected, the in-plane coefficient of thermal expansion α 1 has a high impact, especially on the vertical displacements (i.e., the elongation of the material) since the in-plane thermal gradient is important. Conversely, the out-of-plane CTE α 3 is mildly sensitive, namely the through-thickness thermal gradient is small so that no real difference of thermal expansion Chapter 5. Identification of thermomechanical properties of a CMC material is observed, except under the hottest central area, which is masked during the DIC analysis because of saturation effects. To summarise, the sensitivity analysis presented in this section is useful since it enabled for the reduction of the number of parameters to calibrate. The FEMU-TU procedure based on the complete experiment will only focus on the following parameters: those associated with the Gaussian thermal load, those describing the thermal law of the out-of-plane conductivity λ 3 , which can be, for the sake of simplicity, parametrised with a polynomial function of order 2, and those associated with the in-plane CTE α 1 , also parametrised with a a polynomial function of order 2. Thus, a total of eight thermal parameters {p th } =

(a) (b) (c) (d) (e) (f) (g) (h) 
(A, B X , B Y , X c , Y c , λ p 1 3 , λ p 2 3 , λ p 2
3 ) and a total of 11 parameters {p} = {{p th }, {p thm }}, with {p thm } = (α

p 1 1 , α p 2 1 , α p 2
1 ) , will be identified with the FEMU-TU procedure.

Identification results

Analysis of the complete experiment

In this section, the results are discussed for an identification performed by FEMU-TU for the entire experiment (i.e., 235 s from the flame arrival to the steady state). For the sake of time computation, one IR image out of two is considered for the minimisation and all visible light images are considered, which leads to a total of 11,807,020 thermal data (16,174 IR pixels per frame, with 730 IR images) and 136,740 kinematic data (318 nodes for the DIC mesh, each characterised by two degrees of freedom and 215 visible light images analysed). This implies a predominance of the thermal contribution to the FEMU-TU functional when considering a Bayesian approach since the weighting factor ω is equal to 0.99. Thus, to avoid this effect, the weighting factor is chosen here equal to 0.5, which is sufficient to have a sensitivity of the parameters describing the evolution law of the in-plane CTE α 1 of the CMC material, as shown by the global spatiotemporal Hessian matrix (Figure 5.47). Here, the offset is taken equal to 1%, so that a parameter is sensitive if its associated Hessian term is higher than 10 4 . The global Hessian matrix is characterised by a condition number of 5.8 ×10 8 and, because the eigenvectors associated with the smallest eigenvalues are mainly related to the least sensitive parameters λ p1 3 and λ p2 3 , only four Tikhonov relaxations are performed, for an itik power ranging from -1 to -4. The convergence criterion on the RMS parameter corrections p is set to 1%. The parameters {p} are initialised with those provided by SAFRAN Ceramics, which are material parameters and some of the thermal boundary conditions (A and B X = B Y ) identified during a previous study [91] in the framework of the DICCIT project 1 . The RMS thermal residuals are reduced from 116.1°C to 34.4°C at convergence of the FEMU-TU algorithm, while the RMS kinematic residuals drop from 1.81 pixel to 0.28 pixel, as shown in Figure 5.48. The identified parameters lead to a low level of kinematic and thermal residuals compared to the numerous sources of fluctuations that were not considered in the covariance matrices. As discussed in Chapter 3 (Section 3.2.2), the convection effects cause fluctuations of standard deviation ca. 30°C, which is of the order of the converged RMS thermal residuals (34.4°C). Regarding the kinematic uncertainties, the mean standard deviations on horizontal displacement σ u,x and on vertical displacement σ u,y were reported to be respectively equal to 3.6×10 -2 pixel and 4.2×10 -2 pixel. Thus, the RMS kinematic residuals are about seven times the displacements noise-floor level, which is very low considering the challenging environment of high-temperature tests. Consequently, the identification results are deemed satisfactory. To further illustrate the quality of the identification, the temporal change of measured and computed temperature of six specific points of the CMC sample are reported in Figure 5.51 and five temperature residual fields are shown in Figure 5.52. With the identified parameters, the maximum temperature (corresponding to point no. 4 in and (e)) evidence the overall good description of the thermal measurements, with some deviations for the top part of the sample that can be related to a model error. In the real experiment, an extractor hood positioned above the sample was activated to evacuate the flame smokes, which leads to an asymmetry of the temperature fields on both sides of the centrally heated area. However, this additional forced convection exchange was not modelled herein. Its inclusion in the thermal FE model could be beneficial to lower the thermal residuals for the steady state. The main source of errors is due to a poor description of the transient state, with local residuals of ca. 100°C. At this point, the thermal FE computation does not reproduce the history of heating for all pixels of the sample, which is the sign of a bad knowledge of the diffusivity parameters κ i . of thermal contributions, the weighting factor ω is set to 0.5. The updated parameters are the out-of-plane conductivity λ 3 and the specific heat capacity C p , each being described by three coefficients of a polynomial of order 2. Thus, the goal is to calibrate the six parameters that will change the diffusivity κ 3 of the CMC material. The thermal boundary conditions are unchanged, using the load parameters identified in Section 5.4.4.1. All other thermal and thermomechanical properties are initialised with SAFRAN Ceramics data. The parameters associated with the in-plane CTE α 1 identified in the preceding identification step are not used, since they were more uncertain than the load parameters. A complete relaxation of the Tikhonov regularisation is performed, with an itik power ranging from from -1 to -4 (for a conditioning of the global Hessian matrix of 10 5 ). At the end of this second identification, the RMS thermal residuals decreased from 44.8°C to 37.2°C, while the RMS kinematic residuals was significantly reduced from 2.4 pixel to 0.9 pixel (Figure 5.55). However, since the algorithm cannot fully converge for the weaker regularisations (due to the low sensitivity of the some of the parameters), the results obtained for the second Tikhonov regularisation (for an itik power of -2) are deemed more reliable and will be discussed in the following. The identified thermal law for the out-of-plane conductivity, the specific heat capacity and the associated out-of-plane diffusivity are shown in Figure 5.56. The improvement of the temperatures change for the transient state enables for the reduction of the kinematic residuals for the horizontal displacements (i.e., the deflection of the sample). The gap between computed and measured vertical displacements (i.e., elongation) is due to the wrong values of the in-plane CTE α 1 that was not identified in this analysis. Thus, now that the transient state is better modelled with the parameters of the specific heat capacity C p and the out-of-plane conductivity λ 3 , a final FEMU-TU identification considering the entire experiment as in Section 5.4.4.1 is run to adjust eight of 11 previous thermal and thermomechanical parameters, namely, the five parameters associated with the Gaussian load and the three parameters related to the thermal evolution of the in-plane CTE α 1 . At convergence of this procedure, the RMS thermal residuals dropped to 22.6°C and the RMS displacements residuals to 0.28 pixel (Figure 5.59). As shown in the temporal change of temperature and displacement residuals of some points of the sample (Figure 5.60), the measurements are properly described for the transient and steady states with the updated model. The model errors discussed in Section 5.4.4.1 still cause higher residuals for some points and additional developments could be considered to lower them.

In addition, Figure 5.61 shows the newly identified thermal law for the tested material, compared to initial material law. Significant improvements in parameter identification quality were achieved with this study that leads to an important decrease of thermal and kinematic residuals from 116.1°C to 22.6°C and from 2.23 pixels to 0.28 pixel. The converged level of the residuals is rather low compared to the measurement uncertainties and the maximum level of first eigen strain (≈ 5.6×10 -4 ). These results were achieved thanks, on the one hand, to the use of complete spatiotemporal full-field measurements, which represent a rich amount of data, and on the other hand, on the weighted nature of the FEMU-TU procedure that enables for the faithful account of measurement uncertainties.

Conclusions

In this chapter, a FEMU framework based on spatiotemporal temperature and displacement (2D / 3D surface) full-field measurements was developed for the identification of thermal and thermomechanical properties of CMC materials. The procedure performs the simultaneous minimisation of thermal and kinematic residuals through a weighted least squares formulation. Thus, the minimisation of the gap between the measured and computed fields is weighted with respect to the measurement uncertainties thanks to the covariance matrices so that the parameters are identified with the minimum sensitivity to noise. The proper weighting of each elementary functional ensures the correct propagation of uncertainties up to the global FEMU-TU functional, written for an arbitrary number of thermal and kinematic spatiotemporal fields.

The identification of three cases were discussed in the chapter, while another one is available in Appendix B. Two out of the three discussed experiments were toy models, built to be representative of real configurations in terms of experimental setup (number and location of the visible light and IR cameras) and in terms of measurement uncertainties. Despite the important level of fluctuations on the measured fields and the unfavourable initialisation of the identification procedure, the FEMU-TU algorithm was able to identify the sought parameters with errors less than 0.1%, which lead to very low residuals corresponding to the measurement uncertainties. Consequently, the validity of the approach was established regarding the thermal and kinematic residual levels, since no model error was introduced for the virtual experiments.

The third identification was run for the temperature and 2D displacement fields acquired during the testing of a BNMI-SiC/SiC sample heated with a flame at very high temperature, for which the exact thermomechanical model is unknown. This experiment is particularly challenging because of the convection effects that significantly impair the measurements, causing an important level of uncertainties on the measured data. Firstly, an exhaustive sensitivity analysis was proposed to assess the identifiability of the parameters with respect to the uncertainty levels, which enabled for the limitation of the identification to the 11 most sensitive parameters, namely, five parameters describing the thermal boundary conditions and six accounting for the thermal evolution of the out-of-plane conductivity and the inplane coefficient of thermal expansion of the CMC. Secondly, the analysis of the complete experiment with the FEMU-TU algorithm required to use all the different developments presented in previous chapters. Thanks to the calibration methods of the IR and visible light cameras (Chapter 2) that put the experiment and the simulation in the same coordinate frame, the computed fields were projected onto the measurement discretisations (IR pixels, DIC mesh) to assess consistent residual fields. The discussion of thermal (Chapter 3) and kinematic (Chapter 4, Chapter 5) measurement uncertainties allowed the covariance matrices associated with the measurements to be determined, which is central in the weighted FEMU-TU framework. Finally, to lower spurious displacements induced by the heat haze effect at high-temperature, the 2D displacements of the sample surface were measured with spatiotemporal PGD-DIC, as presented in Chapter 4. Thanks to all these elements, the identification of the thermal boundary conditions and some thermomechanical properties of the tested CMC material was possible and showed very satisfactory results, especially when compared to the initial model. The significant improvement on the FE thermomechanical model was evidenced through the low level of thermal residuals, which were of the order of the convection fluctuations (i.e., 15 times the thermal noise), and of the kinematic residuals, of magnitude seven times the displacement noise-floor level. Thirdly, some model errors were highlighted and strategies were proposed to improve the FE model. As an example, one of the model error (re-identification of the specific heat capacity) was corrected through a second FEMU-TU identification step restricted to the transient phase of the experiment, which enhanced the quality of the material modelling for a final calibration.

Consequently, a generic, complete and robust framework was developed in this chapter to identify thermal and thermomechanical parameters of CMCs based on full-field measurements acquired at high-temperature, so that the identified parameters are, as little as possible, impacted by measurement uncertainties and fluctuations.

General conclusion and outlook

Proposed developments and main results

The present study took place in the context of the increase of technical skills of SAFRAN Ceramics regarding the analysis and understanding of the thermomechanical behaviour of coated and uncoated CMCs for gas turbine engine applications. Experiments performed in more representative in-service conditions of engines are required to achieve this purpose. Thus, it calls for high-temperature tests (i.e., greater than 1,300°C) on specimens under intense 3D thermal loading that are multi-instrumented by infrared and visible light cameras to control the thermal and kinematic boundary conditions. Thus, the objective of the thesis was to develop different procedures to assess the thermomechanical behaviour of CMC materials at elevated temperatures, using thermal and kinematic full-field measurements and correlations between experiments and Finite Element (FE) computations.

High-temperature experiments on BNMI-SiC/SiC composites present different challenges that were discussed in Chapter 1. First, the material exhibits small levels of strain (i.e., less than 0.1% in the reversible domain) and a heterogeneous behaviour, which implies to use full-field techniques able to monitor the thermomechanical response and measure small amplitudes of displacements. These requirements lead to the use of IRT and DIC/stereoDIC methods, based on infrared and visible light cameras. However, elevated temperatures induce several challenges such as black body radiation and convective currents that are especially prejudicial for DIC measurements. Thus, high-temperature DIC analyses require dedicated strategies to account for gray level variations and mitigate the heat haze effect that distorts the images and impairs the displacement measurements.

To achieve the goal of this thesis and identify CMC properties based on images acquired in such challenging environment, several steps were followed. Firstly, the relationship between the measurements acquired from 2D images and the thermomechanical computed fields coming from 3D FE simulations was established. Two procedures were proposed in Chapter 2 to calibrate the different cameras used in the experiments (i.e., the projection matrices), namely the calibration of a single IR camera based on self-calibration method and the calibration of a stereorig thanks to an in-situ speckled calibration target (tailored for the experimental setup) and a single pair of images, performed in a global stereoDIC framework. The different calibration procedures allowed for Lagrangian measurements of thermomechanical fields and potential assessment of small amplitude displacements (e.g., 2 µm for longitudinal component) under normal conditions (i.e., room temperature), which is a primary requirement for the analysis of mechanical behaviour of CMCs.

After calibrating the cameras, the thermomechanical fields at high temperatures were discussed to assess the ability of measuring reliable temperatures and displacements despite convection effects. Spatiotemporal fluctuations due to heat haze were shown to corrupt the sought measurements. Modal analyses were performed in Chapter 3 on temperature fields to assess the contributions of the different phenomena (i.e., heating process, convective effects and acquisition noise) and establish the thermal uncertainty levels and covariance matrices for the IR cameras used in this study. Furthermore, quantitative analyses were conducted to characterise the heat haze effect and its consequences on displacement measurement quality in terms of fluctuations. Significant increases of standard displacement fluctuations were reported compared to noise-floor levels, by a factor five (2D-DIC) to 40 (stereoDIC), which considerably impairs the measurement of CMC true kinematics. In addition, a discussion was proposed to assess the effect of a fan on the measurement quality and highlighted the requirement for additional strategies to mitigate heat haze effects in order to measure reliable and accurate displacement fields.

This observation led to the conclusion that dedicated spatiotemporal regularisation strategies are necessary to deal with the high level of fluctuations of 2D and 3D surface displacements measured respectively with 2D-DIC and FE-stereoDIC. Such procedures were presented in Chapter 4 and applied to several high-temperature experiments on CMC specimens. The common characteristics of the different global spacetime DIC and stere-oDIC algorithms proposed in this thesis is the modal decomposition of the kinematic fields parametrised with separated space and time variables (i.e., temporal and spatial shape functions), which enables for non-intrusive implementations and the use of LMT C++ kernels.

Regarding spacetime 2D-DIC, two implementations were investigated depending on the chosen temporal parametrisation, namely an a priori parametrisation and an "on-the-fly" construction of the modal basis through PGD framework. The latter was in addition extended to deal with spatiotemporal brightness and contrast corrections, which are required to correct the effect of black body radiations that occur at elevated temperatures. Furthermore, a denoising procedure for the reference image was proposed. Spacetime regularisation was also developed for FE-stereoDIC through minimal changes, thanks to prescribed temporal bases, modal decomposition and non-intrusive algorithmic schemes. These strategies were applied to the analysis of large image series and were proven to be efficient to mitigate heat haze effects. Thus, consistent and reliable 2D and 3D displacement fields were measured on CMC surfaces at temperatures greater than 1,300°C, with reduced temporal and spatial fluctuations that reached a level much lower than that enabled by the additional fan. Consequently, the unified spacetime framework appears beneficial for DIC analyses on CMCs at very high temperatures.

The final step of the thesis was the development of a generic weighted FEMU-TU framework presented in Chapter 5. It is based on full-field temperatures and displacements (2D / 3D surface) and accounts for measurement uncertainties (through covariance matrices) to identify the thermal boundary conditions and thermomechanical properties of SiC/SiC composites under severe 3D thermal loading. The results obtained in Chapters 2 to 4 were therefore assembled in Chapter 5 to analyse multi-instrumented high-temperature tests on CMCs. The measurement space and time bases being chosen as reference, computed fields and sensitivities were projected onto these bases, using in particular the projection matrices identified with the calibration procedures discussed in Chapter 2. Thus, measured and computed thermomechanical fields were "properly" compared. In addition, regularised displacement fields were used thanks to the spacetime strategies introduced in Chapter 4 to minimise the effect of heat haze. Finally, the calibration of thermal and thermomechanical parameters was performed in accordance with measurement uncertainties gathered in thermal and kinematic covariance matrices, built in Chapters 3 and 4. By combining all these procedures, the identification of the sought parameters was achieved with very satisfactory results for each of the four experiments analysed that were two virtual tests and two real experiments on a CMC specimen (analysed in Chapter 5) and on a coated CMC material (Appendix B). In particular, the success of the identification on the real experiment discussed in Chapter 5 was highlighted by the low level of thermal and kinematic residuals compared to the measurement fluctuations and noise-floor levels (i.e., 15 times the thermal noise and seven times the displacement noise-floor level).

A complete and robust procedure was developed during this thesis to deal with hightemperature tests on CMCs, from the measurements to the identification of thermomechanical properties. These developments were performed to reduce the effect of elevated temperatures and increase the reliability of thermal and kinematic measurements, so that the parameter identification is carried out with minimum impact of measurement fluctuations. These precautions led to a more reliable assessment of thermomechanical response of SiC/SiC composites tested at high-temperatures than previously available at SAFRAN Ceramics.

Prospects

The work presented in this thesis opens up numerous perspectives that will be discussed hereafter. Five topics were identified during the study, namely the improvement of thermomechanical measurements, the modelling of uncertainties, the improvement of camera calibration, the optimisation of experimental setups and the investigation of other identification strategies.

For a better assessment of thermomechanical fields

High-temperature environments require to use dedicated strategies to obtain reliable measurements, as highlighted throughout this work. Although thermal fields were analysed and used as are for identification purposes, the issue of measuring the true temperature of CMC surfaces remains open regarding the experiment of a SiC/SiC sample under a flame loading. This specific case highlighted the requirement to either use a monochromatic IR camera (such as the IR camera used for other experiments presented in the study), or perform a proper calibration from Digital Levels to temperatures, which could not be conducted herein. In addition, the measurement of CERASEP A600 spectral emissivity with temperature needs to be further investigated. The emissivity laws used in this work were obtained on a single sample, which highlights the requirement for more measurements to confirm the emissivity values and thermal correlations. This step is of primary importance since the measurement of true temperatures mainly depends on this variable, which constrains the assessment of proper thermal boundary conditions and by extension, the identification of the thermomechanical behaviour.

Regarding the prospects on displacement measurements with DIC and stereoDIC, several developments can be investigated in the future. The first improvement that can be conducted is related to the complete spacetime 2D-DIC implemented with a PGD framework to account for both displacements and gray level corrections. As highlighted in Section 4.3.5.1, several iterations were required to remove the contribution of the same principal modes (Figure 6). Thus, a relevant optimisation of the algorithm could be to reproject, for each iteration, the newly assessed modes on previous bases to reduce the computation time and improve convergence. This strategy followed by Jailin et al. [1] was proven to be efficient. In addition, the complete framework discussed during this thesis consists in a preliminary work for spatiotemporal brightness and contrast corrections. The benefit of using this formulation is case-dependent and requires more investigations, especially since it is essential for hightemperature experiments. It is important here to recall the implemented scheme for DIC accounting for gray level variations, which is a sequential solution to assess independently the displacements and the gray level corrections [2,3]. This scheme assumes no coupling between the different fields, which is judicious when the unknown amplitudes are of small levels or when one of the corrections is predominant, such as damage of laser optics 2 that involves a simple kinematics but complex gray level corrections or monitoring crack propagation in refractories [4] that requires rich kinematics with small variations of brightness and contrast. However, precautions need to be taken when drifting away from these hypotheses, which may be the case of some high-temperature experiments. Thus, additional studies are required to propose a generic framework.

GENERAL CONCLUSION AND OUTLOOK

The need to account for brightness and contrast corrections also appeared essential for stere-oDIC. Throughout the study, limitations were evidenced that suggested the enrichment of both instantaneous and spacetime stereoDIC frameworks with gray level corrections. Even tough preliminary works on these corrections were carried out for IR images to perform hybrid stereoDIC [5] and multiview hybrid correlation [6] (using NURBS parametrisation), the gray level corrections were performed on the IR images through 2D-DIC to correct them, since the displacement amplitudes were very small (i.e., 3 to 6 µm). Since this configuration is not generic, it will be more beneficial to account for brightness and contrast corrections in stereoDIC framework (both FE and NURBS-based). The straight forward extension of these approaches is hybrid multiview correlation, which requires in addition to previous gray level corrections to modify the LMT C++ kernels to account for an arbitrary number of cameras, whatever its modality. Consequently, it implies to weight each camera contribution according to its dynamic range and noise-level and to ensure similar sensitivity for all cameras regarding the speckle pattern [6]. 2 Ongoing thesis of G. Hallo performed at CEA CESTA and LMT.

In addition to gray level corrections, mechanical regularisation for stereoDIC may appear relevant to perform smooth regularisations of 3D surface displacement fields. Different strategies exist in the literature, such as regularisations with plate or shell model [7], modal bases [8] or an the stereoDIC Hessian matrix [9], but other approaches based on 3D models could be considered to be consistent with the FE model used for identification purposes.

Regarding the spatiotemporal regularisation strategies for stereocorrelation, the present work based on an a priori parametrisation highlighted the need to investigated several temporal bases in order to choose the most appropriate one in terms of measurement quality (i.e., consistent fields with reduced temporal fluctuations). Thus, in addition to the reported parametrisations, other temporal bases could be considered depending of the studied cases, such as temporal modes obtained with modal decomposition of FE computations (e.g., Karhunen-Loève decomposition, POD) [10,11] or free vibrational modes [8]. Furthermore, the extension of the PGD framework to spacetime FE-stereoDIC is very relevant so that arbitrary choices of parametrisation could be avoided. It simply requires to compute properly for each camera the operator relating the nodal measurements to the evaluation points and to express the reference images in the parametric space, so that non-intrusive schemes can also be used.

Lastly, the analysis of an image pair was performed using instantaneous FE-based stereoDIC and NURBS-based stereoDIC. As shown in Figure 7, the NURBS parametrisation (cubic for longitudinal direction, linear for the transverse direction) is adapted to the kinematics of a SiC/SiC composite under 3D thermal loading, which spatially regularises the fields, as opposed to FE-based stereoDIC. Projecting the FE model onto a NURBS-based parametrisation is a straight forward extension and can be non-intrusive. It can be pointed out that integrated approaches and spatial regularisations were initially considered for this study by reprojecting the displacements measured by FE-stereoDIC on a reduced spatial basis such as beam kinematics and NURBS overlayer. Such strategy that is the coupling between FE-stereocorrelation and IsoGeometric Analysis (IGA) (i.e., using NURBS parametrisations) was very recently proven to be efficient for shape measurements [12]. Therefore, it could be interesting to evaluate the gain of an additional spatial regularisation to the already developed spacetime framework, by comparing the measurements obtained with spatiotemporal NURBS-stereoDIC (or with FE-stereoDIC completed with a NURBS overlayer) and through a simple spacetime FE-stereocorrelation that was shown to be very regularising temporally and spatially.

Modelling of uncertainties

The second topic of prospects deals with uncertainty models. During this work, several discussions were carried out on the measurement uncertainties at room temperature and fluctuations at elevated ones.

It could be interesting to compare the a posteriori standard displacement uncertainties evaluated in Chapter 3 with a priori uncertainty levels. This analysis requires to propagate the image noise to the calibration procedure, shape corection and displacement measurements in FE-stereoDIC framework, thanks to sensitivity analyses (i.e., quantify the displacement induced by a variation of gray level due to the acquisition noise), as performed by Vitse et al. [13] to optimise the measurement sensitivity (i.e., identify optimal positions of cameras to reduce measurement uncertainties). Such model was very recently developed by Hild and Roux [14] for multiview frameworks and images affected by white Gaussian noise. The framework could be adapted to fit the acquisition noise of studied experiments and confronted to a posteriori displacement uncertainties.

Similarly to displacement uncertainty models, thermal analyses need to be carried out to built a cleaner and richer model of thermal noise. This model will have to propagate the acquisition noise from the Digital Levels to the temperatures, thanks to the IR camera calibration relationship. At higher temperatures, the convective effects could be taken into account through macro-pixels, to account for spatial correlations between the elementary IR pixels.

Furthermore, the denoising procedure for the reference image (considered as an unknown to spacetime DIC) was proven to significantly reduce the displacement uncertainties for 2D-DIC procedures. Therefore, it could be relevant to extend this procedure to FEsterecorrelation, so that a unique denoised reference image is built in the parametric space, as proposed by Wang et al. [6] for NURBS-based hybrid multiview correlation. To achieve that, the addition of mechanical regularisation and, above all, of gray level corrections to FE-stereoDIC as proposed in the first topic of propects will be essential to achieve this purpose.

Lastly, the evaluation of parameter uncertainties for the identifications performed in Chapter 5 was not reported. Although the uncertainties on the parameters can easily be modelled for weighted FEMU in Bayesian framework [15,16], this scope was not entirely followed in this study since the weight between the thermal and kinematic functionals was different and defined by the user. In addition, the global Hessian matrix and right-hand side member used additional regularisation terms (i.e., Tikhonov penalisation terms). Therefore, precautions need to be taken to evaluate the covariance matrix on the parameters for the developed identification framework.

Improvement of camera calibration

The calibration of cameras in a multiview framework represents one of the most important research topics arising from this thesis and several other works [11,13,17,18]. The first proposition regarding camera calibration is to use explicit formulations of the projection matrices with all extrinsic and intrinsic parameters. It is especially interesting when the same instrumentation is used, so that the re-calibration for each new experiment (i.e., new positioning of the cameras) of intrinsic parameters (i.e., related to the camera optics) may be avoided. In addition, this new formulation will help for the initialisation of the projection matrices, which was proven to be critical to algorithm convergence (i.e., high sensitivity to the initial set of parameters), by giving initial values for the extrinsic parameters. These features can be obtained thanks to measurements between the cameras and the sample recorded during the experiment or via virtual design for multi-instrumented tests through the Blender software [13,19].

Lastly, developments regarding optical distortions in stereoDIC framework are mandatory. The inclusion of distortions into stereorig calibration is usually performed through bundleadjustment [20]. Alternative approaches using integrated DIC were proposed for single visible light [21] and infrared [22] cameras. In these frameworks, the distortion parameters are identified thanks to the registration between a reference image corresponding to a nominal and undistorted calibration target (i.e., numerical model) and the image of the real calibration target, manufactured according to the model and corrupted by distortions. A similar strategy for distortion measurements was attempted in stereorig configurations, so that a series of image pairs of the calibration target dedicated to distortions was acquired, as shown in Figure 8. The first step for distortion measurements in this configuration is to reposition the calibration target model in the same coordinate reference as that of the stereorig (i.e., based on the tailored in-situ calibration target introduced in Chapter 2 for the camera calibration). It requires simple kinematics such as rigid body motions since the calibration target used for distortions was positioned close to the other one. Therefore, the displacements were strongly regularised by projecting the kinematics on a spatial basis of rigid body motions. Then, when performing an additional shape correction of the model, the measured fields could be associated with the distortion fields. This strategy could not be followed to the end, since brightness and contrast corrections are necessary to properly measure the displacement fields (i.e., interpreted as distortions), as shown by the important variations of gray levels between the reference image (Figure 8(a)) and the real images (Figure 8(b) and (c)). Therefore, more investigations are required to conclude on the relevance of this strategy, which will be performed once the brightness and contrast corrections will be implemented in FE-stereoDIC.

Optimisation of the experimental setup

During this thesis, several instrumentations were used, namely IR camera and possibly two visible light cameras to monitor the heated front face of the sample and a single visible light monitoring the lateral surface of the sample. Each experiment produced about 100 Go of data and aimed to identify a dozen parameters. Even though the redundancy of data is sought for FEMU approaches, a question could be asked regarding the relevance of this amount of data. Consequently, a sensitivity study could be conducted to optimise the experimental setup (i.e., number and location of the cameras, shape of the tested specimen, area to monitor) and the experimental procedure (i.e., acquisition rate) regarding measurement sensitivity and uncertainties and parameters identifiability. These analyses belong to strategies of virtual design (Figure 9) that are increasingly used in solid mechanics [13,[23][24][25][26]. Regarding the studied experiments, the monitoring with IR cameras of both front and back faces of the CMC sample may probably increase the sensitivity to thermal conductivity, which was found to be affected by a higher uncertainty. It also seems reasonable to acquire images at high frequency for transient states and reduce the acquisition frame rate for stabilised temperatures. However, all these propositions need to be checked thanks to these a priori sensitivity analyses.

Towards other identification strategies

The generic FEMU-TU framework presented in Chapter 5 showed promising results regarding the analysis of two real experiments. It could be interesting to challenge the algorithm with the analysis of other multi-instrumented experiments such as that presented in Section 2.3.1 coupling three types of fields (temperature, 2D displacements, 3D surface displacements).

In addition, as reported in the literature [15], identifications with integrated-DIC and weighted FEMU-U lead to similar parameter uncertainties when only noise acquisition remains (and they are optimal with respect to the lowest level of parameter uncertainties [16]). Since I-DIC has been implemented in the generic FEMU-TU framework (so that coupled FEMU-T/I-DIC analyses could be performed), it could be interesting to compare the performance of both techniques, namely the calibration of CMC thermomechanical properties through FEMU-T/I-DIC that uses the denoised reference image and through FEMU-TU using regularised spatiotemporal fields, as proposed in Chapter 5.

Moreover, it was shown that the parameter identification is sensitive to their couplings, which leads to instability in the algorithm convergence for the least sensitive parameters. The change from the parameter space to the modal domain could avoid this problem and needs to be checked [24].

Finally, one of the main drawbacks of FEMU approaches is the huge computation time when dealing with nonlinear models and/or large number of parameters (since every iteration requires to perform as many computations as parameters for the sensitivity fields, plus the reference state). An implementation of FEMU using reduced order model techniques such as Proper Generalised Decomposition (PGD) [25,27,28] or strategies using Bayesian approaches [29], is one route when dealing with structures and could be investigated in future works. 

Introduction

Environmental barrier coatings (EBCs) have been developed

for challenging environments such as gas turbine engines to improve fuel efficiency [1], [2]. Substantial gains may still be achieved with increasing operating temperatures in the high-pressure turbine section but require new generations of materials to replace the current, internally cooled, superalloy structures. Among various candidates, ceramic matrix composites (CMCs) are currently considered as an attractive option due to their high temperature resistance and low density [3]- [5]. However, the presence of water vapor leads to rapid surface recession [6]- [8],

hence the development of protective coatings not only to withstand higher temperatures but also to ensure environmental stability with a low recession rate [9], [10].

Another concern about EBCs is about both quasi-static and time-dependent mechanical properties, which are crucial to understand failure modes and develop reliable systems.

Thermal cycling at high temperatures induces creep and sintering, thereby resulting in through-thickness cracking during cooling [11], [12], which may accelerate coating failure. It is therefore essential to know the thermomechanical behavior of EBCs. Among existing techniques, Zhu and Miller [13] have determined sintering and low-stress creep parameters using a dilatometer in isothermal conditions on self-supported ceramic coatings.

The results appeared to be similar to those obtained with laser creep/sintering tests [12], where the system was uniformly heated on the coating surface, and high temperature mechanical tests [14], [15].

In all those cases, in order to identify and validate constitutive laws, comparisons between experiments and modeling are required, hence the development of various identification methods [16], some of them based on full-field measurements [17]. Among these techniques, Finite Element Model Updating (FEMU) is widely used [18]- [21]. It is an iterative method based on the minimization of the norm of residuals between numerical and experimental data that can be displacement fields (FEMU-U), load levels (FEMU-F) or combinations of both (FEMU-UF) for instance [17]. Last, in addition to using measured displacement fields as raw data, some works [20]- [22] have proposed weighted FEMU based on the covariance matrix of measurement errors, which is considered in this study as well.

In the following, a high temperature test on an environmental barrier coated CMC is first presented. Fullfield measurement techniques at high temperature are then introduced with infrared thermography and Digital Image Correlation (DIC). Last, the calibration of creep parameters is proposed using sequentially FEMU based on displacement and temperature fields.

Materials and experimental set-up

Tested materials

The tested sample is a ca. 3 mm thick CERASEP ® A600 SiC/SiC composite made by SAFRAN Ceramics, whose length and width are respectively 95 and 20 mm. The substrate is then coated with a thin layer of (Si) bond coat, and finally with an EBC made of rare earth silicate. The length of the coated surface is 86 mm. The system is then heated in a furnace to stabilize the coating.

As mentioned before, the nonlinear behavior of the coating is essential to understand and quantify failure modes. In order to describe primary creep, a Norton-Bailey law is commonly used [11], [12], [14] 𝜀̅ ̇𝑐𝑟 = 𝐴𝑟 0 In the following, the initial value of the creep stress exponent 𝑛 and time exponent 𝑚 were taken from Ref. [23] for a similar material (i.e., 𝑛 = 0.9 and 𝑚 = 0.78). Over the investigated temperature range, the creep activation energy was provided by Safran and is equal to 272 ± 27 kJ/mol. The test consists of three heating steps, each applied for 1 h. The maximum temperature is limited to 1350°C in order to avoid sintering of the coating, the latter would induce variations in Young's modulus [24]. During the test, thermal and visible light images were continuously acquired with a period of 2s. Figure 2 shows the laser power, dimensionless front and backside temperature profiles. Hardware parameters of the optical and infrared systems are summarized in Table 1 and Table 2. 

Experimental set-up and performed test

Full field measurements at high temperature

In this section, measurement of temperature and displacement fields are first detailed in a generic way, and then applied to the test described in the previous section. 

where 𝐿 𝜆 is the spectral radiance, 𝑇 the true absolute temperature, 𝐿 𝜆 0 the blackbody spectral radiance, 𝑇 𝑅 the radiance or blackbody temperature, and 𝜀 𝜆 the spectral emissivity. As the device used to measure temperature fields is a middle wavelength infrared camera [3 µm ; 5 µm] with a band-pass filter at 4 µm, the emissivity has been measured by CEMHTI (Orléans, France) [25], [26] and is shown in 

To check all these assumptions, residuals between a temperature field rebuilt using Equation ( 6) and the builtin calibration data for an emissivity of 0. 

Digital image correlation at high temperatures

DIC was used numerous times as a non-contacting full-field measurement technique [17] at room temperature [28]. It has been proven to be efficient in high temperature tests since the pioneering work of Lyons et al. [29] where the authors tested samples up to 650°C. Tests were then performed at higher temperatures with DIC. Pan et al. [30], Grant et al.

[30] reached temperatures as high as 1200°C, Leplay et al.

reached 1350°C [32], Novak and Zok [33] 1500°C. These works highlighted some challenges:

-Gray level conservation may be violated. To circumvent this issue, filtering thermal radiations via lighting with band-pass filters is one possible experimental solution [30], [31], [33]. Brighness and contrast corrections during the DIC procedure is another route, be it for local DIC [28] or global approaches [34]- [36].

-Fluctuations due to heat haze effects impact the measurement by creating artifacts of the optical path.

Using forced air flux [29], [33], or spatiotemporal DIC [37], [38] are two possible solutions to mitigate these effects.
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-For stability, high temperature speckles are required.

Various coatings made of nitride and aluminum oxides [29], or cobalt oxide mixed with inorganic adhesive [30] have been used. High temperature powders are another potentially durable solution [39], [40]. 

As the minimization of the squared norm of 𝜂 over the whole region of interest Ω is an ill-posed problem, the displacement field is decomposed as

𝒖(𝒙) = ∑ 𝑢 𝑖 𝜽 𝒊 (𝒙) 𝒊 (9) 
where 𝜽 𝒊 are chosen shape functions and 𝑢 𝑖 the associated nodal displacements to determine. The Gauss-Newton iterative procedure [21] that solves linear systems written in terms of displacement corrections {𝛿𝒖} reads [𝑴 𝑫𝑰𝑪 ]{𝜹𝒖} = {𝒃} (10) where [𝑴 𝑫𝑰𝑪 ] is the Hessian matrix, {𝜹𝒖} the vector gathering all the amplitude corrections and {𝒃} the residual column vector. In this work, mechanical regularization [41] is also used to enforce mechanical admissibility to the displacement fields. Table 3 summarizes the DIC parameters used hereafter. The displacement fields are shown in Figure 8 after 200s of heating. First, the benefit of mechanical regularization [41] is visible and suitable with continuous displacement fields in both directions, which is assumed to be true in this case. It is also worth noting that the magnitude of the displacements, particularly in the Y direction, does not exceed 0.5 px (or 28 µm). to avoid large gray level changes due to high temperatures [29], [33]. This assumption is confirmed in Figure 9 in which the gray level residuals are plotted between the first image and an image in the middle of the last step. It is observed that the mean residual on the black coated surfaces is close to 0 (Root Mean Square residual is equal to 6 GL) whereas dots appear where there are white speckles. This is due to a darkening of the boron nitride coating, which is visible after the test. 

Thermal model

The tested sample is modeled as an assembly of two parts, one representing the SiC/SiC composite and one the EBC (Figure 11). Neither the Si bond coat layer nor the grips are accounted for. In the following analysis, the thermomechanical parameters of the CMC part are assumed to be known and will not be calibrated. 

where 𝐴 denotes the laser power, 𝐵 𝑥 and 𝐵 𝑦 the widths of the laser beam (respectively, along the 𝑥-axis and 𝑦-axis), 𝑘 the power of the super Gaussian, 𝑋 𝑐 and 𝑌 𝑐 the center coordinates of the laser beam.

The effect of the grips is modeled as heat losses on the top and bottom areas of the CMC material (depicted by red arrows in Figure 11), with a constant amplitude ϕ 0 .

Thermal exchanges are also considered in the heat transfer model. Given the high temperatures, radiation exchanges are prevalent. The total emissivity measured on the EBC and plotted in Figure 3, is used for the top white surface. For all the other surfaces, since they are coated with black paint, the total emissivity provided by the manufacturer is considered. Last, convection is also accounted for with an exchange coefficient depending on the temperature and whether it is the top or bottom surface [43].

Thermomechanical model

The initial hypothesis made on the coating behavior is thermoelasticity, with temperature-dependent thermomechanical parameters. A qualitative comparison is made between measured displacements (elongation and deflection profiles) and computed displacements (Figure 12)

for the first heating step. For all further analyses, the computed displacements (in metric units) are expressed in DIC units (i.e., pixels). experimentally. These variations are mainly due to differences in composition of the processed air plasma sprayed EBC but also in the deposition parameters. Besides, it may also be due to (1) an asymmetric creep behavior between tension and compression of the coating, which has already been observed in ceramics [32], [44], [45],

(2) change of creep parameters for higher stress levels as the maximum loading of TMA tests is 40 MPa whereas the compressive stresses reached by the reported test are greater than 150 MPa. Thus, the creep stress and time exponents and the thermomechanical parameters will be updated in the following section.

To complete the thermomechanical model of the experiment, the mechanical boundary conditions are assessed. In the best case, mechanical boundary conditions would correspond to clamping in the grips.

However, the analysis of displacements close to the grips (left part of the green mesh in Figure 14) shows significant motions, compared to those plotted in Figure 10 in both directions. For this reason, boundary conditions applied to the FE model are those measured, spatially interpolated on the FE mesh and applied to the left vertical line on the red mesh shown in Figure 14. The next section will introduce the identification procedure chosen to assess the parameters of the described thermomechanical model.

Identification procedure

In this section, notations [𝑿] and {𝑿} refer to spatiotemporal matrix or vector.

Finite Element Model Updating

The FEMU-TU identification procedure [18], [19] 

The search direction is given by the global Hessian matrix 

In a Bayesian approach, the weighting factor between the thermal and kinematic parts (introduced in Equation ( 12))

reads [46] 𝜔 = 𝑁 𝑇 𝑁 𝑡,𝑇 𝑁 𝑇 𝑁 𝑡,𝑇 + 𝑁 𝑈 𝑁 𝑡,𝑈

A relevant way to assess the sensitivity of the sought parameters is to analyze the Hessian matrices [47] 

The set of reference parameters is denoted {𝒑 𝒓𝒆𝒇 } and the set of perturbed parameters used to compute {𝑺 𝑿,𝒑 𝒊 } is denoted {𝒑 𝒅𝒊𝒔𝒕,𝒊 } and is equal to the reference set with the 𝑖 th parameter 𝑝 𝑖 varied with an offset 𝜀 (taken here equal to 5% of reference value for all parameters, except for those corresponding to a position where the perturbation is made proportionally to the length of the coating). Thus, the sensitivity analysis consists in computing the solution with the initial set of parameters (reference thermal and kinematic fields) then comparing it with solutions from computations with perturbed parameters.

In the following section, the results of such analysis are presented to assess which parameters of the previously described model (Section 4.1) can be calibrated with regards to uncertainties on thermal and kinematic measurements, and the corresponding identification strategy.

Sensitivity analysis

The following sensitivity analysis is performed by computing only one level of heating close to the first heating step, with both transient and steady states. For the sensitivity analysis, the selected thermal parameters {𝒑 𝒕𝒉 } are the six parameters describing the thermal load ϕ (𝐴, 𝐵 𝑥 , 𝐵 𝑦 , 𝑘, 𝑋 𝑐 , 𝑌 𝑐 ), and the amplitude of bottom surface heat losses ϕ 0 .

Regarding the thermomechanical parameters {𝒑 𝒕𝒉𝒎 }, two material properties are analysed, namely the in-plane thermal expansion 𝛼 𝑥 (equal to 𝛼 𝑦 ) and creep. The first one is parameterized as a first order transformation of the initial law (i.e., 𝛼 𝑥,𝑢𝑝𝑑𝑎𝑡𝑒 = 𝛼 𝑥,𝑖𝑛𝑖𝑡 (𝑎 𝑇 + 𝑏)). The second one is described by the two powers 𝑛 and 𝑚, leading to a total of 12 parameters for the sensitivity analysis.

In the sequel, the effect of the weighting factor 𝜔 between thermal and kinematic data is analyzed. The results are compared to a Bayesian approach, with a value of 𝜔 expressed by Equation ( 17) (and here equal to 0.73, i.e.

the global functional is mostly dependent on thermal data), and for different arbitrary values of 𝜔, prescribed by the user. In the last case, the value of 𝜔 ranges from 0 (pure FEMU-U analysis) to 1 (pure FEMU-T analysis).

The different global Hessian matrices are reported in First, it can be noticed that for all values of the weighting factor 𝜔, the term H 77 is very small, which means that the heat loss parameter ϕ 0 cannot be calibrated.

Conversely, its effect is completely negligible in comparison with all the other parameters. Therefore, it will not be considered in the final identification procedure.

Second, a Bayesian approach for the FEMU-TU functional However, performing a single identification through FEMU-U does not appear as a good choice since it will exclude from the analysis 73% of the total amount of data of the experiment (thermal data), leading to higher uncertainties on thermal loading (parameters 𝐴, 𝐵 𝑥 and 𝐵 𝑦 ).

Therefore, it is concluded from this sensitivity analysis that a good identification strategy is to perform two uncoupled FEMU steps. It is beneficial to run first a FEMU-T analysis to calibrate the six thermal parameters (𝐴, 𝐵 𝑥 , 𝐵 𝑦 , 𝑘, 𝑋 𝑐 , 𝑌 𝑐 ), using only IR camera data, then to perform a FEMU-U calibration of the five thermomechanical parameters describing creep and thermal expansion.

Implemented schemes

As concluded for the previous section, the calibration strategy is a two-step uncoupled FEMU-T/FEMU-U procedure.

The algorithm first runs and calibrates the thermal loading parameters {𝒑 𝒕𝒉 } = {𝐴, 𝐵 𝑥 , 𝐵 𝑦 , 𝑘, 𝑋 𝑐 , 𝑌 𝑐 } 𝑡 , for each temperature level, independently, by minimizing the residuals between measured and computed temperatures. Thus, from one step to another, besides its amplitude, the shape of the super-Gaussian (position of laser center, width, and shape) may evolve.

For each step, only the steady state part is considered to get a first (and fast) estimate of the loading parameters.

The algorithm iteratively updates the thermal parameters The following section presents the results obtained with the proposed identification strategy.

{𝒑
5 Discussion of the results

Thermal identification

The results are first presented and detailed for the first heating level. As mentioned in Section 4.1.1, the parameters to be determined are the laser loading, meaning that only results on the stabilized heating steps are analyzed. Figure 19 shows the Root Mean Square (RMS) residual during the minimization procedure. The RMS residual decreases from 66°C to 20°C, thereby showing the efficiency of the procedure (i.e a three-fold reduction). It is also worth noting that for the first two Tikhonov relaxations, the residuals decrease immediately and are stable. This is not the case for the third one. 𝑚 remains almost constant despite several differences in materials but also testing conditions, namely the loading, which is either tensile or compressive, and the stress level, which is higher using the laser test. Further, the stress exponent 𝑛 calibrated with both FEMU cases tends to increase but remains close to 1, which is usually attributed to diffusion creep in ceramics [50], possibly with diffusional mass transport along the grain boundaries [51] that could be consistent with the microstructure of the coating. To assess the CTE change, Figure 30 shows the deflection at the end of the sample before and after identification compared to the DIC measurement for the first step. As already shown in Figure 25(a), in which the CTE increased after identification, residuals are slightly higher after the procedure, which was not expected. To explain this result, two hypotheses are proposed. First, the CTE sensitivity is too low to be properly identified with this procedure and this test. As only a small part of the sample is heated and only three heating steps are performed, it is the best case to identify a law written over a very large temperature range, particularly for ceramic materials whose CTE is low. Second, the uncoupled identification procedure may not be optimal, especially for this parameter, which is directly dependent on the temperature field. One possible solution would be to use a FEMU-TU procedure for this parameter and then a FEMU-U for the creep parameters.

Uncertainties on the measured temperature field may also explain this result, especially for lower temperatures for which the IR camera is less sensitive. These measurements were then compared to finite element models of the test to confirm that thermoelasticity was not sufficient to describe the material behavior.

Moreover, the accuracy of the measurements allowed the investigated test to be sensitive to creep as there were large residuals between measured and computed deflections with the initial set of creep parameters.

In order to calibrate these parameters, an uncoupled weighted FEMU-T/FEMU-U framework was followed. The identication strategy was selected using a sensitivity analysis and the study of the Hessian matrix, which revealed to be a valuable tool for test/computation correlations.

Thus, the approach aimed to minimize weighted least squares residuals between measured and computed fields, first regarding temperatures to identify the thermal boundary conditions then kinematic data to assess thermomechanical parameters.

Furthermore, the results after thermal identification showed low residuals on the temperature fields and different results depending on the area of minimization. In both cases, the mechanical identification ended up with creep parameters in which the stress exponent was close to 1, which is consistent with diffusional creep observed in ceramic materials [50]. This observation shows the possibility to assess the creep behavior of the coating using full-field measurements combined with laser heating, which has the advantage of being sensitive to a range of temperatures and loadings with only one test. However, because of a globally low sensitivity given the challenging environment, thermomechanical parameters such as the coefficient of thermal expansion were not successfully identified with the chosen procedure and set of parameters.

Concerning the creep parameter identification, other constitutive postulates could be tested. For instance, creep stress and time exponents were considered independent of the temperature. In some cases at high temperatures, this choice may not be valid [14]. Thus, more tests would be required to assess this dependence.

Regarding the full identification procedure, the first step would be to increase the amplitude of displacements.

In that case, it could be performed at the two endpoints of the sample by multiscale image correlation [52]. The right side because it is the most sensitive area for both elongation and deflection, and the left side because the kinematic boundary conditions close to the grips should be 

Abstract:

The aim of this thesis is firstly to develop procedures of full-field measurements with Digital Image Correlation (DIC), coupled to thermal measurements, suitable for high-temperature experiments on CMC specimens under thermal conditions representative of an engine environment. Secondly, a methodology is proposed for identifying the thermal and thermomechanical properties of the material, quantifying at each stage of the chain the uncertainties associated with the quantities of interest and strategies to reduce them. It was necessary to deal with the challenges due to high temperatures, especially for DIC, either in terms of acquisition (saturation, loss of contrast) or measurement (artefacts due to the mirage effect, also called "heat haze effect"). This work has led to the development of a calibration protocol for a multi-instrumented bench using either an in-situ calibration target or by self-calibration using the specimen itself and its environment. 3D surface displacement measurements (with global stereocorrelation approaches) and thermal measurements have made it possible to highlight the heat haze effect phenomenon. Spatiotemporal regularisation strategies of the measured displacements were proposed and allowed satisfactory results to be obtained (significant reduction of measurement uncertainties). Similarly, model reduction approaches (POD) have been used to process thermal data and quantify the uncertainties associated with convective phenomena. Finally, a weighted Finite-Element Model Updating (FEMU) algorithm on both temperature and displacement data was implemented in order to identify a set of thermal and thermomechanical properties, taking into account the sensitivity of each parameter with regard to measurement uncertainties.
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FIGURE 1 . 1 :

 11 FIGURE 1.1: (a) Overview of ceramic fibres properties [9] and (b) effect of SiC fibre cristallinity on thermal capability [9].Hi-Nicalon type S fibres, of mean diameter 12 µm, are near-stoichiometric (i.e., the ratio content between Carbon and Silicon is about 1.05). The low residual carbon content enables for a better resistance to oxidation and a higher thermal stability up to 1,600°C[9, 10] (Figure1.2), which improves the creep resistance of the fibres[11].

FIGURE 1 . 2 :

 12 FIGURE 1.2: Thermomechanical behaviour of SiC fibres [10].

FIGURE 1 . 3 :

 13 FIGURE 1.3: 3D woven composite [12].

FIGURE 1 . 4 :

 14 FIGURE 1.4: Effect of BN interphase on mechanical properties of SiC/SiC composites without (curve (a)) and with a BN interphase (curve (b)) [19].

FIGURE 1 . 7 :

 17 FIGURE 1.7: Fatigue response of a SiC/SiC composite [37].

1. 1 .FIGURE 1 . 8 :

 118 FIGURE 1.8: Stress-strain curve of a BNMI-SiC/SiC composite under cyclic tensile loading with Acoustic Emission activity [45].

FIGURE 1 . 9 :

 19 FIGURE 1.9: Damage mechanisms of 2D 0/90 SiC/SiC composites [47].

FIGURE 1 . 10 :

 110 FIGURE 1.10: Monotonic tensile stress-strain curves of BNMI-SiC/SiC composites at room and elevated temperatures [51, 52].

FIGURE 1 .

 1 FIGURE 1.11: (a) Creep rupture time versus stress in argon for several testing temperatures [56] and (b) effect of environment on total strain during creep tests [25].

FIGURE 1 . 12 :

 112 FIGURE 1.12: Mechanical behaviour of coated and uncoated BNMI-SiC/SiC composite samples under monotonic tensile loading at 1,200°C [26].

FIGURE 1 . 13 :

 113 FIGURE 1.13: Cumulated number of AE events of during cyclic and static fatigue tests on C/SiC composites at elevated temperatures [74].

FIGURE 1 . 14 :

 114 FIGURE 1.14: Acoustic Emission energy and resistance versus stress for monotonic tensile load at room temperature on a BNMI-SiC/SiC composite [82].

FIGURE 1 . 15 :

 115 FIGURE 1.15: Crack network development at increasing load levels until failure (area indicated with a black ellipse) at (a) room temperature and (b) 1,250°C observed via micro-CT on 3D-woven BNMI-SiC/SiC composites [102].

FIGURE 1 . 16 :

 116 FIGURE 1.16: Imaging of a crack network on an EBC/CMC sample surface after cyclic heating with a laser at a maximum temperature of 1,300°C [105].

FIGURE 1 . 18 :

 118 FIGURE 1.18: Horizontal displacement (in pixel) obtained on a SiC sample (left) with Q4-DIC (with elements of size 32 pixels) and (right) with I-DIC [203].

Figure 1 .

 1 19 shows the loss of the speckle pattern on a SiC/SiC composite surface heated locally with a flame3 . The white paint only resisted in areas far from the heated central part (indicated with the red arrow in Figure1.19).

FIGURE 1 . 19 :

 119 FIGURE 1.19: Degradation of a speckle pattern at high temperature (i.e., 1,300°C).

FIGURE 1 . 20 :

 120 FIGURE 1.20: Change in contrast for images acquired at (a) 20°C, (b) 400°C, (c) 550°C and (d) 600°C [209]. The black-body radiation is described by Planck's law introduced in Section 1.2.2.1 (see Equation (1.1)). It correlates the monochromatic spectral radiance L 0 (λ, T) , the wavelength λ and the temperature T. Figure 1.21 shows the change in thermal radiation energy (in logarithmic scale) with the wavelength, for different temperatures. The range of reported wavelengths corresponds to that of standard visible light cameras.

FIGURE 1 . 21 :

 121 FIGURE 1.21: Thermal radiation energy as a function of wavelength at various temperatures [208].

Figure 1 .

 1 22(a)) lead to the deviation of light rays, hence the distortion of object shapes. An exemple of mirage effect is shown in Figure1.22(b).

FIGURE 1 .

 1 FIGURE 1.22: (a) Schematic view of convective currents induced by temperature gradients. (b) Illustration of shape distortion due to the mirage effect [221].

FIGURE 1 . 23 :

 123 FIGURE 1.23: Impact of heat shimmer on an image acquired at 500°C [219].

FIGURE 1 . 24 :

 124 FIGURE 1.24: In-plane horizontal displacement measured by (a) 2D-DIC, (b) stereoDIC and (c) out-of-plane displacement measured by stereoDIC induced by heat waves developing in an oven at 150°C [220].

FIGURE 1 . 25 :

 125 FIGURE 1.25: Change of mean and standard strain fluctuations from room temperature to 1,300°C [232].

FIGURE 1 . 26 :

 126 FIGURE 1.26: Image of a speckle pattern at 1,000°C acquired (a) without filter and (b) with a blue filter [208].

FIGURE 1 . 27 :

 127 FIGURE 1.27: Impact of an air knife on the measured displacement (left), the displacement fluctuation (centre) and the strain (right), between 20°C and 800°C [211].

FIGURE 1 .

 1 FIGURE 1.28: (a) Measured standard strain fluctuations for exposure times ranging from 1/250 s to 30 s, for several Q4 element sizes. Impact on the measured displacement field on the deformed mesh (amplified by 50) for exposure times of (b) 1/250 s and (c) 30 s [213].

FIGURE 1 . 29 :

 129 FIGURE 1.29: Effect of the number of averaged frames on the strain fluctuation at 140°C [228].

FIGURE 1 . 30 :

 130 FIGURE 1.30: Effect of displacement filtering with several Butterworth filters on displacement fluctuations at 150°C (from [220]).

FIGURE 1 . 31 :

 131 FIGURE 1.31: Modal basis of distorted displacements induced by heat haze for (a) horizontal and (b) vertical component [222].

FIGURE 1 . 32 :

 132 FIGURE 1.32: Horizontal strain field with global Q4-DIC (left) and Beam-DIC (right) [213]).

Figure 2 .FIGURE 2 . 2 :

 222 FIGURE 2.2: (a) Reference image and distortions effects for (b) positive radial distortion, (c) negative radial distortion, (d) decentering distortion and (e) prism distortion [5].

Figure 2 .FIGURE 2 . 3 :

 223 FIGURE 2.3: Volumic calibration objects based on (a) grid pattern [9], (b) points [21] and (c)big dots[23].

FIGURE 2 . 4 :

 24 FIGURE 2.4: Calibration of a stereo-rig with two positions for a calibration object [9].
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  [63] proposed a similar framework as that developed for NURBS formulation, for a multiview step with n c cameras of same modality, to calibrate the implicit pinhole model of visible light cameras (i.e., using only extrinsic and linear intrinsic parameters). This FE-based procedure aims to minimise the same functional described in Equation (2.19), since it is written regardless of the surface parametrisation. Dubreuil et al.[64] used 3-noded triangular (T3) elements, with nodes coordinates expressed in the world reference frame R W . Each elementary T3 facet can be expressed in its reference frame then subdivided into elementary points for gray level and gradient computation(Figure2.6).

FIGURE 2 . 6 :

 26 FIGURE 2.6: Discretisation of a T3 facet with 36 evaluation points [64].

FIGURE 2 . 7 :

 27 FIGURE 2.7: Multi-instrumented experiment of a SiC/SiC composite under thermal gradient obtained with a flame.

FIGURE 2 . 8 :

 28 FIGURE 2.8: Projection of 3D model of surface sample on IR image. Each dark cross corresponds to the projection of a nodal point of the FE mesh.

4 FIGURE 2 . 10 :

 4210 FIGURE 2.10: Hessian matrix related to projection model of IR camera (in logarithmic scale).

FIGURE 2 .

 2 FIGURE 2.11: (a) Dimensionless eigenvalues of Hessian matrix of IR camera projection model and (b) associated eigenvectors.

FIGURE 2 . 13 :

 213 FIGURE 2.13: History of root mean square residual for the test case, implemented for several Tikhonov regularisation factors (with a zoom on the last two Tikhonov regularisations).

Figure 2 .FIGURE 2 . 14 :FIGURE 2 . 15 :

 2214215 Figure 2.14 illustrates the projection of the sample FE mesh using the parameters with two Tikhonov factors. It highlights the interest of relaxing the regularisation to converge smoothly towards one of the solutions.

FIGURE 2 . 16 :

 216 FIGURE 2.16: Change of angular parameters φ, θ and ψ with the iterations of gradually relaxed Tikhonov regularisation.

FIGURE 2 . 17 :

 217 FIGURE 2.17: Change of translational parameters t x , t y and t z with the iterations of gradually relaxed Tikhonov regularisation.

FIGURE 2 . 18 :

 218 FIGURE 2.18: Change of intrinsic parameters f x , f y , c x and c y with the iterations of gradually relaxed Tikhonov regularisation.
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 21 three corresponding to the transient state and four to the steady state. As Figure 2.19 shows, only four points are selected on IR images of the transient state whereas six visible points are clicked for the steady state, providing a total of 36 points for the camera calibration.

FIGURE 2 . 19 :FIGURE 2 .

 2192 FIGURE 2.19: Selected points in red crosses on IR images for transient (left) and steady states (right).The convergence criterion is set to 1 pixel (which corresponds roughly to the click error). The procedure is initialised with random parameters, with an initial root mean square residual of 154 pixels. It converges after 334 iterations with 9 Tikhonov relaxations. The change of FE mesh projection for one instant of the steady state is shown in Figure2.20. The converged parameters lead to a satisfactory projection model. The algorithm enables for a good convergence despite the really bad initialisation, which makes it robust to noise and to errors in parameter initialisation.

Figure 2 .

 2 Figure 2.21 illustrates the change of RMS residual during the minimisation procedure.The convergence is smooth for the first six Tikhonov regularisations, up to an RMS residual of 2 pixels, which is acceptable regarding the click error. At this point, the Hessian is almost unregularised (with a Tikhonov factor λ tik equal to 10 -8 • λ max ). The problem is badly conditioned and the parameters are coupled, which leads to difficult convergence (the algorithm tends to diverge from the previously converged solution, before converging again to a better estimate of the parameters). However, the complete convergence is reached with an RMS residual of 0.92 pixel.

FIGURE 2 . 21 :

 221 FIGURE 2.21: Change of RMS position residuals during the IR camera calibration.

Figure 2 .FIGURE 2 . 22 :

 2222 FIGURE 2.22: Multi-instrumented experiment of a SiC/SiC composite under thermal gradient obtained with a CO 2 laser beam. The reference frame (XYZ), where the 3D displacements will be expressed, is depicted with green arrows.

2 .FIGURE 2 . 23 :

 2223 FIGURE 2.23: History of maximum temperature measured on IR images acquired during the heating phase without fan.

FIGURE 2 .

 2 FIGURE 2.24: (a) Schematic longitudinal design of the calibration target and (b) image of speckled calibration target positioned next to a tested CMC sample.

FIGURE 2 . 25 :

 225 FIGURE 2.25: CAD model of calibration target, where a facet is denoted F i and an edge surface S i .

Figure 2 .

 2 26 illustrates the change of one face model regarding the measurements and the overall reduction of the RMS errors thanks to the procedure.

FIGURE 2 .

 2 FIGURE 2.26: (a) Optimisation of one face model and (b) change of the RMS errors.

FIGURE 2 . 27 :

 227 FIGURE 2.27: (a) Finite Element model and (b) corresponding NURBS model of the calibration target.

Chapter 2 .FIGURE 2 . 28 :

 2228 FIGURE 2.28: Three-noded triangular (T3) mesh of the calibration target used for FE-stereoDIC procedure.

Figure 2 .FIGURE 2 .

 22 FIGURE 2.29: (a) Points clicked (in red crosses) on one of the image pair on the calibration target and (b) estimated 2D positions (in cyan asterisks) of these points through initial projection matrix obtained with an SVD pre-calibration, along with manually clicked points (in red crosses).

FIGURE 2 . 30 : 25 FIGURE 2 . 31 :

 23025231 FIGURE 2.30: Initial gray level residuals for each camera on the calibration target using the projection matrices initialised by SVD procedure. Each solid circle represents an evaluation point with associated GL residual.The initialisation enables for a low level of RMS residuals (≈ 21.4 GL, i.e., 8.4% of the dynamic range) but leads to errors on the description of the calibration target edges. This is expected since the initialisation is obtained by using only 14 points, which are manually

FIGURE 2 . 32 :

 232 FIGURE 2.32: Converged gray level residuals for each camera on the calibration target using the optimised projection matrices. Each solid circle represents an evaluation point with associated GL residual.As opposed to Figure2.30, the edges are now well-defined and the errors on the textured parts are erased, hence leading to a good stereo-rig calibration. Figure2.33 illustrates how each node is well projected onto each image and matches the calibration target shapes on the images (especially for the edges, the corners and the inclined planes).

Figure 2 .FIGURE 2 . 33 :

 2233 FIGURE 2.33: Projection of calibration target fine mesh (projected nodes depicted with red crosses) using the converged projection matrices for (a) camera 1 and (b) camera 2.

FIGURE 2 . 35 :

 235 FIGURE 2.35: Evolution of RMS gray level residuals associated with displacement measurements of the calibration target for each image of the calibration step.

  and 2.37, respectively corresponding to a prescribed displacement along Y-direction u presc. y = 2 µm and u presc. y

FIGURE 2 . 36 :

 236 FIGURE 2.36: Gray level residuals for each camera on the calibration target using measured displacement fields, for an image acquired for a prescribed displacement of u presc. y = 2 µm. Each solid circle represents an evaluation point with associated GL residual value.

FIGURE 2 . 37 :

 237 FIGURE 2.37: Gray level residuals for each camera on the calibration target using measured displacement fields, for an image acquired for a prescribed displacement of u presc. y = 2 mm. Each solid circle represents an evaluation point with associated GL residual value.

  Figures 2.38, 2.39 and 2.40, respectively corresponding to prescribed displacements u

FIGURE 2 . 96 Chapter 2 .FIGURE 2 .

 29622 FIGURE 2.38: (a) Out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in mm) of the calibration target measured on an image acquired at a prescribed displacement of u presc y = 5 µm.

FIGURE 2 .

 2 FIGURE 2.40: (a) Out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in mm) of the calibration target measured on an image acquired at a prescribed displacement of u presc z = 1 mm.

FIGURE 2 . 41 :

 241 FIGURE 2.41: Nodal (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacements (expressed in mm) measured on calibration target during calibration phase.

FIGURE 2 .

 2 FIGURE 2.42: Nodal (a) longitudinal u y and (b) transverse u z displacements (expressed in mm) measured on the calibration target for small prescribed displacements. Sub-figure (a) focuses on u presc. y between 0 and 10 µm and (b) on u presc. zranging from 0 to 10 µm.
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 40982 Calibration of a multi-instrumented experiment

FIGURE 2 . 44 :

 244 FIGURE 2.44: Initial gray level residuals for each camera on the CMC sample using its optimised shape. Each solid circle represents an evaluation point with associated GL residual value.

Figure 2 . 45 .

 245 It is now possible to see the residuals associated with CMC 3D woven architecture of the central unspeckled part of the sample.

FIGURE 2 . 45 :

 245 FIGURE 2.45: Converged gray level residuals for each camera on the CMC sample using its optimised shape. Each solid circle represents an evaluation point with associated GL residual value.The corrected position of the sample is shown in Figure2.46. The main correction is made on the out-of-plane component u x with a mean translation due to a wrong estimation of sample thickness. There is also a gradient of ≈ 180 µm between the X-position of nodes in the clamp (corresponding to Y = 60 mm) and the nodes of the free edge, explained by the fact that the CMC sample is slightly inclined at the free edge. Regarding the components on the longitudinal Y and transverse Z directions, corrections correspond mainly to an adjustment of the shape in terms of length and width.

FIGURE 2 . 46 :

 246 FIGURE 2.46: Comparison between initial shape for CMC sample (green mesh) and optimised shape (red mesh).

100 Chapter 2 .FIGURE 2 .

 10022 FIGURE 2.47: (a) Mesh of CMC surface and projection of its nodes (in red crosses) using the converged projection matrices for (b) camera 1 and (c) camera 2.

FIGURE 2 .

 2 FIGURE 2.48: (a) Out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in mm) of the CMC sample measured on an image acquired at a prescribed displacement of u presc y = 100 µm, and (d) associated gray level residuals for each camera.

FIGURE 2 . 49 :

 249 FIGURE 2.49: Comparison of prescribed (in red triangles), measured on the calibration target (in blue asterisks) and measured on the CMC sample (in green circles) (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in mm) during each step of the calibration step.

FIGURE 2 . 50 :

 250 FIGURE 2.50: Comparison of the mesh projections on image pair for (a) camera 1 and (b) camera 2 for the calibration target. The red crosses represent the projection using initial matrices [Π 1,2 init ] and the yellow ones, the projection using the newly identified matrices [Π 1,2 end ].
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 31032 FIGURE 2.51: (a) Difference on each camera (expressed in pixels) between horizontal positions x s of the calibration target nodes, when changing the projection matrices and (b)between vertical positions y s .

FIGURE 2 . 52 :

 252 FIGURE 2.52: Difference of nodal (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacements (expressed in mm) measured on the CMC sample during heating experiment when changing the projection matrices.

FIGURE 2 . 53 : 104 Chapter 2 .FIGURE 2 . 54 :

 2531042254 FIGURE 2.53: Difference of (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in mm) of the CMC sample when changing the projection matrices for an image acquired at room temperature.

FIGURE 2 .

 2 FIGURE 2.55: (a) NURBS model of top faces of the calibration target and the CMC sample used for the calibration procedure of the two visible light cameras in stereoconfiguration and (b) associated converged global gray level residuals.

FIGURE 2 .

 2 FIGURE 2.56: (a) Raw IR image acquired at room temperature (expressed in DL) and (b) corresponding dimensionless image. The range of DL in the zone of interest (depicted with a green dashed box in (a)) has been converted to get the image in (b) of dynamic range [0:1].

FIGURE 2 . 57 :

 257 FIGURE 2.57: Zoom on IR dimensionless image taken at room temperature for (a) the calibration target and (b) the CMC sample surface. To calibrate the four cameras, each surface of the considered model needs to be seen by (at least) two cameras. Since the IR camera is inclined, the top and lateral faces of the calibration target and the CMC sample surface are visible on IR images, whereas only the top faces are visible on the stereovision system and only the lateral faces are seen by the third visible light camera. Hence a unique model composed of top and lateral surfaces of the calibration target and the CMC sample surface (Figure 2.58).

FIGURE 2 . 58 :

 258 FIGURE 2.58: NURBS model of the top and lateral faces of the calibration target and CMC sample surface used in the calibration procedure of all four cameras.

FIGURE 2 . 59 :

 259 FIGURE 2.59: Global gray level residuals computed for a global stereocorrelation approach of calibration for the three visible light cameras and the IR camera.
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FIGURE 3 . 2 :

 32 FIGURE 3.2: Schematic of the optical setup for the BOS technique for visualising of the heat haze effect [15].

  5 µm (Figure 3.3), which led to horizontal distortions of respective amplitudes 225 µm, 240 µm and 150 µm.

FIGURE 3 . 3 :

 33 FIGURE 3.3: Horizontal displacements induced by the heat heat effect measured from images of (a) a visible light camera, (b) a near-infrared camera and (c) an infrared camera[12].

FIGURE 3 . 4 :

 34 FIGURE 3.4: (a) BOS setup for the measurements of (b) horizontal and (c) vertical distortions due to heat waves [15].

FIGURE 3 . 5 :

 35 FIGURE 3.5: Schematic of the generator setup of turbulent fluctuations of refractive index [25].

FIGURE 3 . 6 :

 36 FIGURE 3.6: Centroid displacement for ∆T = 33 K (left) and for ∆T = 163 K (right)[25].

  ure 3.7(b)).

FIGURE 3 . 8 :

 38 FIGURE 3.8: (a) Mean temperature field for the steady state (expressed in • C), (b) temporal fluctuations during steady state for the maximum temperature (corresponding to the red cross indicated in (a)) and (c) of reference points taken on the top and the bottom parts of the CMC sample, whose locations are respectively indicated with green and blue crosses in sub-figure (a).

Chapter 3 .FIGURE 3

 33 FIGURE 3.9: (a) Map of standard deviation on temperatures for the steady state (expressed in • C) and (b) change of the standard deviation of temperatures with respect to the mean temperature for each IR pixel during the steady state.

3. 2 .FIGURE 3 .FIGURE 3 .

 233 FIGURE 3.10: (a) Image acquired by a 100 Kfps Photron camera and (b) correlation matrix on the gray levels for the pixels of the two first combined ZOIs indicated in sub-figure (a).Vertical and horizontal lines of pixels are chosen to analyse the spatial correlations of the temperatures measured at the steady state. The associated correlation matrices are shown in Figure3.11.

  8) where -[U] is an m × m real or complex unitary orthogonal matrix gathering the left-singular vectors of [A], or equivalently the m orthonormalised eigenvectors associated with [A][A] * ; -[V ] is an n × n real or complex unitary orthogonal matrix gathering the right-singular vectors of [A], or equivalently the n orthonormalised eigenvectors associated with [A] * [A]; -[S] is an m × n rectangular diagonal real matrix gathering the sorted positive singular values of [A], which are equal to the non-negative square roots of the eigenvalues of [A] * [A].

  modal right-singular matrix, restricting the complete right-singular matrix [V ] to the k right-singular vectors associated to the k largest singular values of [A]; -[S k ] is the m × k rectangular diagonal matrix, restricting the complete rectangular diagonal matrix [S] to the k largest singular values of [A].

FIGURE 3 .

 3 FIGURE 3.12: (a) Spectrum of the dimensionless singular values and (b) RMS reconstruction error (expressed in • C) for the modal decomposition of spatiotemporal temperature field measured on the CMC sample during the heating experiment.

Figure 3 .

 3 12(b). After the 40 th value, the dimensionless singular values are stable, which indicates that the following modes only account for acquisition noise. To check this statement, the correlation matrices are computed for the vertical and horizontal lines of pixels introduced in Figure 3.11(a), using the thermal reconstruction error [δ Tk ] = [ T] -[ Trec k ].

Figure 3 .FIGURE 3 .

 33 FIGURE 3.13: (a) Temporal mode associated with the first mode. Correlation matrices on the temperature error (expressed in • C) using one mode for the temperature reconstruction, computed for pixels of (b) a vertical line and (c) horizontal line (whose respective locations are indicated with the black and red arrows in Figure 3.11(a)).

FIGURE 3 .FIGURE 3 .

 33 FIGURE 3.14: (a) Temporal mode associated with the sixth mode. Correlation matrices of the temperature error (expressed in • C) using six modes for the temperature reconstruction, computed for pixels of (b) a vertical line and (c) horizontal line (whose respective locations are indicated with the black and red arrows in Figure 3.11(a)).

FIGURE 3 .

 3 FIGURE 3.16: (a) Temporal mode associated with the 40 th mode. Correlation matrices of the temperature error (expressed in • C) using 40 modes for the temperature reconstruction, computed for pixels of (b) a vertical line and (c) horizontal line (whose respective locations are indicated with the black and red arrows in Figure 3.11(a)).

FIGURE 3 .

 3 FIGURE 3.17: (a) Standard temperature deviation field for the steady state (expressed in • C) for a heating with a laser, (b) correlation matrix on the steady-state temperatures for a vertical line of pixels (whose locations are indicated with the black arrow on the (a)) and (c) correlation matrix on the steady-state temperatures for an horizontal line of pixels (whose locations are indicated with the red arrow in sub-figure (a)).

FIGURE 3 . 18 :

 318 FIGURE 3.18: Covariance matrices on the temperature error (expressed in • C) using 40 modes for the temperature reconstruction, computed for pixels of (a) a vertical line and (b) horizontal line (whose respective locations are indicated with the black and red arrows on 3.11(a)).

3. 2 .FIGURE 3 . 19 :

 2319 FIGURE 3.19: Change of the standard deviation on temperature error (expressed in • C) with respect to the temperature, using (a) one mode, (b) six modes, (c) 14 modes and (d) 27 modes for the temperature field reconstruction.

4 FIGURE 3 . 20 :

 4320 FIGURE 3.20: Change of the standard deviation on temperature error (expressed in • C) with respect to the temperature using 40 modes for the temperature field reconstruction, and calibrated law.

FIGURE 3 . 21 :

 321 FIGURE 3.21: Correlation matrices on DL error using 20 modes for DL reconstruction, computed for pixels of (a) a vertical line and (b) horizontal line (whose respective locations are indicated with the black and red arrows in Figure 3.11(a)).

FIGURE 3 . 22 :

 322 FIGURE 3.22: Covariance matrices on the DL error using 20 modes for the DL reconstruction, computed for pixels of (a) a vertical line and (b) horizontal line (whose respective locations are indicated with the black and red arrows in Figure 3.11(a)). (c) Change of the standard deviations on DL error with respect to DL using 20 modes for the DL field reconstruction.

2 FIGURE 3 .

 23 FIGURE 3.24: (a) Change of the CMC emissivity at λ i = 4 µm with the temperature and (b) a priori absolute error on the true temperature measured with a FLIR X6580sc camera for different deviations on the emissivity.

25 FIGURE 3 . 25 :

 25325 FIGURE 3.25: Global uncertainty on temperatures measured by an IR monochromatic camera FLIR X6580sc .

1 FIGURE 3 . 26 :

 1326 FIGURE 3.26: FLIR A655sc camera detector response with respect to the wavelength.

FIGURE 3 .

 3 FIGURE 3.27: (a) Change of the CMC emissivity at λ = 11.75 µm with the temperature and (b) a priori approximate absolute uncertainty on the temperature measured with an IR camera FLIR A655sc for different deviations on the emissivity.

FIGURE 3 . 28 :

 328 FIGURE 3.28: A posteriori absolute uncertainty on the temperature measured with an IR camera FLIR A655sc for different deviations on the constant emissivity.

FIGURE 3 . 29 :

 329 FIGURE 3.29: Multi-camera setup of a SiC/SiC composite heated at very high temperatures by a laser beam.

FIGURE 3 . 30 :

 330 FIGURE 3.30: Three different test steps. The black solid line corresponds to the dimensionless temperature, the vertical dotted lines depict time increments and the vertical red dashed lines indicate the three test steps.

Figure 3 .FIGURE 3 . 31 :

 3331 Figure 3.31 shows one picture acquired during the first, second and third steady state temperature levels of the second step (i.e., heating with fan off). Because of black body radiations, the gray levels saturate in an area close to the heat affected zone. In that area, instantaneous DIC cannot converge since gray level conservation is violated and image contrast vanishes. It does converge when spatially regularised approaches are used in which regularisation compensates for missing DIC information.

FIGURE 3 . 32 :

 332 FIGURE 3.32: Initial reference image f 0 (x) with the meshed region of interest. The two crosses indicate the positions of the nodes whose displacements are highlighted in Figure 3.33.

FIGURE 3 . 33 :

 333 FIGURE 3.33: Horizontal u x (t) (a), and vertical u y (t) (b) nodal displacements (expressed in pixels) measured with instantaneous DIC of images of the calibration phase. The magenta (roughly the highest u y over the entire image series) and green (roughly the lowest u y over the entire image series) crosses correspond to nodes A and B respectively depicted in Figure3.32.

FIGURE 3 . 34 :

 334 FIGURE 3.34: Standard displacement uncertainty for each time increment of the calibration step.

2 .

 2 Two nodes close to the saturated area (Figure 3.31) in the middle of the sample (node C in cyan and node D in yellow); 3. A node affected by a surface defect (bulge) at the free edge of the sample (node G in purple).

FIGURE 3 . 35 :

 335 FIGURE 3.35: Initial reference image f 0 (x) with the meshed region of interest, and specific nodes, depicted by crosses, whose displacements are highlighted in Figure 3.36.

FIGURE 3 . 36 :

 336 FIGURE 3.36: Nodal (a) horizontal u x and (b) vertical u y displacements (expressed in pixels) measured with instantaneous DIC for unmasked pictures from the heating phase with no fan. Nodal (c) horizontal u x and (d) vertical u y displacements (expressed in pixels) measured with instantaneous DIC for unmasked pictures from the heating phase with fan. The displacements plotted with thick crosses correspond to the five nodes (labeled as C, D, E, F and G) shown in Figure 3.35.

FIGURE 3 . 37 :

 337 FIGURE 3.37: Reference image f with the meshed region of interest, the masked zone (red box) and specific nodes, depicted with crosses, whose displacements are highlighted in Figures 3.38 and 3.39.

FIGURE 3 . 38 :

 338 FIGURE 3.38: Nodal (a) horizontal u x and (b) vertical u y displacements measured with instantaneous DIC for masked pictures (heating without fan phase). Nodal (c) horizontal u x and (d) vertical u y displacements for masked pictures (heating with fan phase). The thick crosses correspond to the displacements of the five nodes shown in Figure 3.37.

FIGURE 3 . 39 :

 339 FIGURE 3.39: Nodal (a) horizontal u x and (b) vertical u y displacements measured with instantaneous DIC for masked pictures of first and second temperature levels (heating without fan phase). Nodal (c) horizontal u x and (d) vertical u y displacements measured with instantaneous DIC for masked pictures of first and second temperature levels (heating with fan phase). The thick crosses correspond to the displacements of the five nodes (labelled as C, D, E, F and G) introduced in Figure 3.37.

FIGURE 3 . 40 :

 340 FIGURE 3.40: Nodal (a) horizontal u x and (b) vertical u y displacements (expressed in pixels) compared to a reference nodal displacement for the second and third temperature levels of the heating phase with no fan. Nodal (c) horizontal u x and (d) vertical u y displacements (expressed in pixels) compared to a reference nodal displacement for the second and third temperature levels of the heating phase with fan. (e) Locations of studied nodes in the mesh.Reference node R is depicted with an asterisk.

FIGURE 3 . 41 :

 341 FIGURE 3.41: Standard deviations of horizontal (in blue filled circles) and vertical (in blue triangles) nodal displacements for instantaneous DIC for the whole experiment. The red vertical dashed lines separate the three steps of the experiment. The vertical black dotted line indicates the activation of the fan during the third step.

FIGURE 3 . 42 :FIGURE 3 . 43 :

 342343 FIGURE 3.42: Standard uncertainty maps for (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in µm) of the calibration target computed for the first calibration step (initial position) with no fan.

FIGURE 3 . 45 :

 345 FIGURE 3.45: Change of displacement uncertainties during the calibration phase for outof-plane u x (in red), longitudinal u y (in green) and transverse u z (in blue) displacements. The results are reported when the fan is off (plain lines) and on (dashed lines). The vertical dashed lines mark the ends of the main steps of the calibration phase, namely the acquisitions at initial position P 0 , for displacements along Y-direction and for Z-direction.
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 3346347 FIGURE 3.46: Standard uncertainty maps for (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in µm) of the CMC sample computed for the first calibration step (initial position) with no fan.

FIGURE 3 . 48 :

 348 FIGURE 3.48: Nodal (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacements (expressed in µm) measured on the calibration target at room temperature (before heating), with no fan.

FIGURE 3 . 49 :

 349 FIGURE 3.49: Uncertainty maps associated with (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacements (expressed in µm) measured on the calibration target at room temperature (before heating), with no fan.

FIGURE 3 .

 3 FIGURE 3.50: (a) Spectrum of the dimensionless singular values and (b) the RMS reconstruction error (expressed in µm) for the modal decomposition of out-of-plane u x (in red), longitudinal u y (in green) and transverse u z (in blue) spatiotemporal displacement fields measured on the calibration target at room temperature.

FIGURE 3 . 51 :

 351 FIGURE 3.51: Change of the temporal right-singular vectors associated with (a) the first mode and (b) the seventh mode for the modal decomposition of out-of-plane u x (in red), longitudinal u y (in green) and transverse u z (in blue) spatiotemporal displacement fields measured on the calibration target at room temperature.

FIGURE 3 . 52 :

 352 FIGURE 3.52: Nodal (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacements (expressed in mm) measured on the calibration target during the experiment run with the fan off. The vertical dashed lines mark the different phases of the experiment, namely the acquisition of images at room temperature, then heating of CMC sample at three different temperature levels, and finally the acquisition of images once the laser was turned off.
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 3 54 and 3.55 respectively for the out-of-plane, longitudinal and transverse displacements.
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 3533354355 FIGURE 3.53: Out-of-plane displacement field u x (expressed in mm) measured on the calibration target during (a) the first, (b) the second and (c) the third heating levels, with no fan.

, 3 .

 3 58 and 3.59 illustrate the change of the corresponding displacements (taken during the steady states) with the temperature, namely at room temperature, 700°C, 1,050°C and 1,350°C.

30 FIGURE 3 . 56 :FIGURE 3 . 57 :

 30356357 FIGURE 3.56: Locations of the studied nodes (depicted with blue solid circles) on the calibration target mesh. Reference node location is indicated with a red asterisk.

FIGURE 3 . 58 :

 358 FIGURE 3.58: Change of nodal longitudinal displacements u y (expressed in mm) compared to a reference nodal displacement for the room temperature, first, second and third temperature levels of the heating phase with no fan.

FIGURE 3 . 59 :

 359 FIGURE 3.59: Change of nodal transverse displacements u z (expressed in mm) compared to a reference nodal displacement for the room temperature, first, second and third temperature levels of the heating phase with no fan.

FIGURE 3 . 60 :

 360 FIGURE 3.60: (a) Spectrum of the dimensionless singular values and (b) the RMS reconstruction error (expressed in µm) for the modal decomposition of out-of-plane u x (in red), longitudinal u y (in green) and transverse u z (in blue) spatiotemporal displacement fields measured on the calibration target during the CMC heating.

FIGURE 3 . 61 :

 361 FIGURE 3.61: Change of temporal right-singular vectors associated with (a) the first mode and (b) the 19 th mode during the modal decomposition of out-of-plane u x (in red), longitudinal u y (in green) and transverse u z (in blue) spatiotemporal displacement fields measured on the calibration target during the heating step.

  -plane u x (no fan) Out-of-plane u x (fan) Longi. u y (no fan) Longi. u y (fan) Transv. u z (no fan) Transv. u z (fan)

FIGURE 3 . 62 :

 362 FIGURE 3.62: Change of the calibration target displacement fluctuations for out-of-plane u x (in red), longitudinal u y (in green) and transverse u z (in blue) components, computed for different steps of the experiment. The results are reported when the fan is off (solid lines) and on (dashed lines).
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 363 FIGURE 3.63: History of nodal out-of-plane displacements u x (expressed in mm) compared to a reference nodal displacement at room temperature, first, second and third temperature levels of the heating phase with no fan (in black) and with fan (in red).

FIGURE 3 . 64 :

 364 FIGURE 3.64: History of nodal longitudinal displacements u y (expressed in mm) compared to a reference nodal displacement at room temperature, first, second and third temperature levels of the heating phase with no fan (in black) and with fan (in red).

FIGURE 3 . 65 :

 365 FIGURE 3.65: History of nodal transverse displacements u z (expressed in mm) compared to a reference nodal displacement at room temperature, first, second and third temperature levels of the heating phase with no fan (in black) and with fan (in red).

FIGURE 3 . 66 :

 366 FIGURE 3.66: Nodal (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacements (expressed in mm) measured on the CMC sample surface during the experiment run with no fan. The vertical dashed lines mark the different phases of the experiment, namely the acquisition of images at room temperature, then the heating of CMC sample at three different temperature levels, and finally the acquisition of images once the laser is turned off.
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 33368 FIGURE 3.67: (a) Out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in mm) measured on the CMC sample surface during the second heating level, with no fan.

FIGURE 3 . 69 :

 369 FIGURE 3.69: Nodal (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacements (expressed in mm) measured on the CMC sample surface during the experiment run with the fan on. The vertical dashed lines mark the different phases of the experiment, namely the acquisition of images at room temperature, then the heating of the CMC sample at three different temperature levels, and finally the acquisition of images once the laser is turned off.

FIGURE 3 .

 3 FIGURE 3.70: (a) Out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in mm) measured on the CMC sample surface during the third heating level, with the fan on.

  -plane u x (no fan) Out-of-plane u x (fan) Longi. u y (no fan) Longi. u y (fan) Transv. u z (no fan)
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 43 Spatiotemporal regularisation for displacement measurements of ω = 0.5 will be used in the sequel. Complete spacetime-DIC algorithm 1: procedure COMPLETE SPACETIME-

FIGURE 4 . 1 :

 41 FIGURE 4.1: Temporal shape functions evaluated for each frame of the calibration step. Corresponding (b) Global temporal operator [Φ], (c) eigenvector matrix [V ], and (d) diagonal matrix [D].
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 442 FIGURE 4.2: (a) Change of root mean square gray level residuals and (b) the difference between two successive reference images f (x) for the calibration phase

FIGURE 4 . 3 :

 43 FIGURE 4.3: Difference between the denoised reference image and its initial estimate

  ure 4.2(a). The overall gray level residuals are low (Figure 4.2(a)), which indicates that the spacetime procedure ran properly. Only a particular zone on the bottom left of the sample shows higher residuals (Figure 4.4).

FIGURE 4 . 4 :

 44 FIGURE 4.4: 2D displacements (expressed in pixels) and associated gray level residuals for picture no. 199 (see red circle).

FIGURE 4 . 5 :

 45 FIGURE 4.5: Spatiotemporal map of gray level residuals for a horizontal line of pixels (x from 192 to 1577 pixels) for y = 141 pixels Figure 4.6 confirms that spacetime DIC reduces the overall residuals, in fact even better than instantaneous DIC even though the total number of kinematic degrees of freedom is ten times higher for the latter in comparison with the former. The reason for such a gain is associated with the denoising procedure that reduces the RMS residuals by 1 -1/ √ 2 ≈ 28 %.

FIGURE 4 . 6 :

 46 FIGURE 4.6: Root mean square gray level residuals for all analysed pictures for instantaneous DIC (blue line), spacetime DIC (red line). The black line corresponds to the RMS gray level residuals of the raw picture difference (i.e., with null displacements). The dotted vertical lines depict the time increments.

FIGURE 4 . 8 :

 48 FIGURE 4.8: Standard deviations on (a) horizontal and (b) vertical displacements for instantaneous and spacetime DIC procedures for the calibration phase

FIGURE 4 . 9 :

 49 FIGURE 4.9: Temporal shape functions for the second (a) and third (b) steps of the experiment. (c) Global temporal operator [Φ], (d) eigen vector matrix [V ], and (e) diagonal matrix [D] for the second step. The global temporal operator [Φ], diagonal matrix [D] and eigenvector matrix [V ] for the temporal shape functions of the second test step (Figure 4.9(a)) are shown in Figures 4.9(ce). Because the length of the time increments is not uniform (e.g., the first time increment in the second step contains 78 frames, whereas the next one includes 541 pictures), the eigen values of the diagonal matrix[D] are more distributed than previously and vary between 241 and 25. However, the conditioning of the matrix is still very good (i.e., 13 instead of 3 in the calibration step). Regarding the associated eigen vectors [V ], the continuity of the temporal shape functions and their non-orthogonality induces a more complex matrix than that obtained in the calibration phase. Here, each temporal shape function contributes to modal shape functions.

FIGURE 4 . 10 :

 410 FIGURE 4.10: Root mean square displacement difference δa for the second (a) and third (b) steps until δa < a .

Figure 4 .FIGURE 4 . 11 :

 4411 FIGURE 4.11: Root mean square gray level residuals for all analysed pictures of the second (a) and third (b) steps when instantaneous (blue line) and spacetime (red line) DIC analyses are run. The black line corresponds to the RMS gray level residuals of the raw picture differences (i.e., with null displacements). The dashed vertical lines depict the time increments.

FIGURE 4 . 13 :

 413 FIGURE 4.13: 2D displacements (expressed in pixels) and associated gray level residuals for picture no. 1,148 (see red circle).

FIGURE 4 . 14 :

 414 FIGURE 4.14: 2D displacements (expressed in pixels) and associated gray level residuals for picture no. 4313 (see red circle).

  (a) u x (b) u y

FIGURE 4 . 15 :

 415 FIGURE 4.15: Standard deviations of (a) horizontal and (b) vertical nodal displacements for instantaneous and spacetime DIC for the whole experiment. The vertical dashed lines correspond to the heating phase of the second step. The vertical dotted lines correspond to the heating phase of the third step.

  48) such that {γ} = [N] • {ζ}, where [I] is the identity tensor. This notation emphasises the analogy with hard regularisation as the proximity of [Ψ] and[N]. The only difference is that

ure 4 .FIGURE 4 .

 44 FIGURE 4.16: (a) Finite Element mesh for the CMC sample edge used for global DIC on the masked reference image and (b) effect of the flame on the images.

FIGURE 4 . 17 :

 417 FIGURE 4.17: Nodal (a) horizontal u x and (b) vertical u y displacements (expressed in pixels) measured on the CMC sample edge during the heating experiment with instantaneous DIC.

FIGURE 4 . 18 :

 418 FIGURE 4.18: Comparison on the change of RMS gray level residuals computed for the images acquired during heating with different DIC approaches.

FIGURE 4 . 19 :

 419 FIGURE 4.19: PGD temporal modes built during the (a) first and (b) 30th iteration of spacetime PGD-DIC, for the first estimate of reference image f 0 .

FIGURE 4 .

 4 FIGURE 4.20: (a) Change of RMS gray level residuals (expressed in %) and (b) the difference between two successive reference images f (x) for the calibration phase

FIGURE 4 .

 4 FIGURE 4.21: Nodal (a) horizontal u x and (b) vertical u y displacements (expressed in pixels) measured on the CMC sample edge during the heating experiment with PGD-DIC, with a temporal regularisation length L t = 10 images.
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 4422 FIGURE 4.22: Horizontal u x and longitudinal u y displacement fields (expressed in pixels) measured on the CMC sample surface before flame arrival with instantaneous DIC (subfigures (a) and (c), respectively) and with spacetime PGD-DIC (sub-figures (b) and (d), respectively).

4. 3 . 201 50

 3201 Development of PGD-DIC for 2D displacement fields

FIGURE 4 . 23 :

 423 FIGURE 4.23: Horizontal u x and longitudinal u y displacement fields (expressed in pixels) measured on the CMC sample surface during the steady state with instantaneous DIC (subfigures (a) and (c), respectively) and with spacetime PGD-DIC (sub-figures (b) and (d), respectively).

FIGURE 4 . 24 :

 424 FIGURE 4.24: Change of CMC displacement temporal fluctuations for the vertical u x (in red) and horizontal u y (in blue) displacements, computed at room temperature and for the steady state of the experiment using instantaneous DIC (triangles) or spacetime PGD-DIC (solid circles).

50 FIGURE 4 . 25 :

 50425 FIGURE 4.25: Difference (in GL) between the denoised reference image and its initial estimate

Figure 4 . 20 FIGURE 4 . 26 :

 420426 FIGURE 4.26: Comparison on the change of RMS residuals computed for the images acquired during heating with different DIC approaches.

FIGURE 4 . 27 :

 427 FIGURE 4.27: Change of (a) mean and (b) standard gray level computed on the ROI.
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 3205 Development of PGD-DIC for 2D displacement fields

FIGURE 4 . 28 :

 428 FIGURE 4.28: Snapshot at flame arrival of (a) brightness and (b) contrast fields measured with complete PGD-DIC .
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 4429 FIGURE 4.29: Nodal (a)(resp. (c)) horizontal u x and (b)(resp. (c)) vertical u y displacements (expressed in pixels) measured on the CMC sample edge during the heating experiment with PGD-DIC with no brightness corrections (resp. with brightness corrections).
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 3207430 FIGURE 4.30: Difference (in GL) between the initial and final denoised reference image assessed with complete PGD-DIC.
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 432 FIGURE 4.32: Temporal shape functions evaluated for each frame of the calibration step.
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 44 FIGURE 4.33: (a) Global temporal operator [Φ], (b) eigenvector matrix [V ], and (c) diagonal matrix [D].
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 4345435 FIGURE 4.34: (a) RMS displacement difference δa and (b) RMS spatiotemporal GL residuals until convergence. The comparison of the global residuals for each image pair of the series, computed with the instantaneous displacements and the spatiotemporal displacement, is shown in Figure 4.35.

FIGURE 4 . 36 :

 436 FIGURE 4.36: Nodal (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacements (expressed in mm) measured on the calibration target during the calibration phase (with the fan on) with spacetime stereoDIC.

FIGURE 4 . 37 :

 437 FIGURE 4.37: Nodal (a) longitudinal u y and (b) transverse u z displacements (expressed in mm) measured on the calibration target for small prescribed displacements with instantaneous stereoDIC. Nodal (c) longitudinal u y and (d) transverse u z displacements (expressed in mm) measured on the calibration target for small prescribed displacements with spacetime stereoDIC. Sub-figures (a) and (c) focus on u presc. y varying between 0 and 10 µm, (b) and (d) on u presc. z ranging from 0 to 10 µm.

Figure 4 .FIGURE 4 . 38 :

 4438 FIGURE 4.38: Change of displacement uncertainties during the calibration phase (with the fan on) for out-of-plane u x (in red), longitudinal u y (in green) and transverse u z (in blue) displacements. The results are reported for displacements measured with instantaneous stereoDIC (open triangles) and spacetime stereoDIC (solid circles). The vertical dashed lines mark the ends of the main steps of the calibration phase, namely the acquisitions at initial position P 0 , for displacements along Y and Z-directions.

Figure 4 .FIGURE 4 . 39 :

 4439 FIGURE 4.39: Change of spatial displacement fluctuations during the calibration phase (with the fan on) for out-of-plane u x (in red), longitudinal u y (in green) and transverse u z (in blue) displacements. The results are reported for displacements measured with instantaneous stereoDIC (open triangles) and spacetime stereoDIC (solid circles). The vertical dashed lines mark the ends of the main steps of the calibration phase, namely the acquisitions at initial position P 0 , for displacements along Y and Z-directions.

FIGURE 4 . 40 :

 440 FIGURE 4.40: Change of spatial displacement fluctuations for out-of-plane u x (in red), longitudinal u y (in green) and transverse u z (in blue) displacements measured on the calibration target for small prescribed displacements (with the fan on). The results are reported for displacements measured with instantaneous stereoDIC (open triangles) and spacetime stereoDIC (solid circles). Sub-figure (a) focuses on u presc. y varying between 0 and 500 µm, and (b) on u presc. z ranging from 0 to 500 µm.

FIGURE 4 . 41 :

 441 FIGURE 4.41: Temporal shape functions evaluated for each frame of the first heating level. Since the shape functions are continuous and defined over a support of increasing length, the diagonalisation of the global temporal operator (Figure 4.42(a)) leads to eigenvalues (Figure 4.42(c)) more distributed than those related to the calibration step (Section 4.4.2) and to eigenvectors (Figure 4.42(b)) defined by three or more temporal shape functions (except the first one, since it is constant and discontinuous from the others), with the main modes defined by the steady states (at ambient and 700°C). However, the conditioning of the operator [Φ] is still very good, with a ratio of 30 between the highest and lowest eigenvalues.

FIGURE 4 .

 4 FIGURE 4.42: (a) Global temporal operator [Φ], (b) eigenvector matrix [V ], and (c) diagonal matrix [D].

FIGURE 4 .

 4 FIGURE 4.43: (a) RMS displacement difference δa and (b) RMS global spatiotemporal GL residuals until convergence.
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 4 Spatiotemporal regularisation for displacement measurements 100 200 300 400

FIGURE 4 . 44 :

 444 FIGURE 4.44: Evolution of RMS gray level residuals associated with displacement measurements of the CMC sample surface for each image of the first heating level (with no fan) with instantaneous stereoDIC (blue line) and spacetime stereoDIC (red line).

FIGURE 4 . 45 :

 445 FIGURE 4.45: Nodal out-of-plane u x , longitudinal u y and transverse u z displacements (expressed in mm) measured on the CMC sample surface during the first heating level (with no fan) with instantaneous stereoDIC (sub-figures (a), (b) and (c), respectively) and with spacetime stereoDIC (sub-figures (d), (e) and (f), respectively).

FIGURE 4 .

 4 FIGURE 4.46: Out-of-plane u x , longitudinal u y and transverse u z displacement fields (expressed in mm) measured on the CMC sample surface during the first heating level (with no fan) with instantaneous stereoDIC (sub-figures (a), (b) and (c), respectively) and with spacetime stereoDIC (sub-figures (d), (e) and (f), respectively).
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 447 FIGURE 4.47: Temporal shape functions evaluated for each frame of the heating step associated with case no. 1.

FIGURE 4 .

 4 FIGURE 4.48: (a) Global temporal operator [Φ], (b) eigenvector matrix [V ], and (c) diagonal matrix [D] associated with case no. 1.

FIGURE 4 . 49 :

 449 FIGURE 4.49: Nodal (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacements (expressed in mm) measured on the CMC sample surface during the first heating level (with no fan) with the spacetime stereoDIC procedure corresponding to case no. 1.

FIGURE 4 .

 4 FIGURE 4.50: (a) Out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in mm) measured on the CMC sample surface during the first heating level (with no fan) with the spacetime stereoDIC procedure corresponding to case no. 1.
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 451 FIGURE 4.51: Temporal shape functions evaluated for each frame of the heating step associated with case no. 2.

FIGURE 4 .

 4 FIGURE 4.52: (a) Global temporal operator [Φ], (b) eigenvector matrix [V ], and (c) diagonal matrix [D] associated to the case no. 2.
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 44 53) used herein allows for the removal of the wavelets observed in the previous measurements (Figure4.49) Spatiotemporal regularisation for displacement measurements

FIGURE 4 . 53 :

 453 FIGURE 4.53: Nodal (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacements (expressed in mm) measured on the CMC sample surface during the first heating level (with no fan) with the spacetime stereoDIC procedure corresponding to case no. 2.
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 4 FIGURE 4.54: (a) Out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in mm) measured on the CMC sample surface during the first heating level (with no fan) with the spacetime stereoDIC procedure corresponding to case no. 2.
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 455 FIGURE 4.55: Temporal shape functions evaluated for each frame of the heating step associated with case no. 3.

FIGURE 4 .

 4 FIGURE 4.56: (a) Global temporal operator [Φ], (b) eigenvector matrix [V ], and (c) diagonal matrix [D] associated with case no. 3.

FIGURE 4 .

 4 FIGURE 4.57: Nodal (a) out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacements (expressed in mm) measured on the CMC sample surface during the first heating level (with no fan) with the spacetime stereoDIC procedure corresponding to case no. 3.
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 44 FIGURE 4.58: (a) Out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in mm) measured on the CMC sample surface during the first heating level (with no fan) with the spacetime stereoDIC procedure corresponding to case no. 3.

FIGURE 4 .

 4 FIGURE 4.59: (a) Out-of-plane u x , (b) longitudinal u y and (c) transverse u z displacement fields (expressed in mm) measured on the CMC sample surface during the first heating level (with no fan) with the spacetime stereoDIC procedure corresponding to case no. 3.

FIGURE 4 .

 4 FIGURE 4.60: (a) Comparison of the change in RMS gray level residuals associated with displacements of the CMC sample surface during the first heating level (with no fan) measured with instantaneous stereoDIC and the four implemented spacetime interpolations, with (b)a zoom on the beginning on the heating and (c) on the end of the steady state.

FIGURE 4 . 61 :

 461 FIGURE 4.61: Comparison of the change in RMS gray level residuals associated with displacements of the CMC sample surface during the complete heating step (with no fan) measured with instantaneous stereoDIC (blue line) and spacetime stereoDIC (green line).

FIGURE 4 .

 4 FIGURE 4.63: Out-of-plane u x , longitudinal u y and transverse u z displacement fields (expressed in mm) measured on the CMC sample surface during the second heating level (with no fan) with instantaneous stereoDIC (sub-figures (a), (b) and (c), respectively) and with spacetime stereoDIC (sub-figures (d), (e) and (f), respectively).

FIGURE 4 . 64 :

 464 FIGURE 4.64: Out-of-plane u x , longitudinal u y and transverse u z displacement fields (expressed in mm) measured on the CMC sample surface during the third heating level (with no fan) with instantaneous stereoDIC (sub-figures (a), (b) and (c), respectively) and with spacetime stereoDIC (sub-figures (d), (e) and (f), respectively).
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 51 FIGURE 5.1: Schematic representation of a forward problem.

FIGURE 5 . 2 :

 52 FIGURE 5.2: Schematic representation of an inverse problem.

FIGURE 5 . 4 :

 54 FIGURE 5.4: Metrics used in classic identification methods[13].

FIGURE 5 . 6 :

 56 FIGURE 5.6: Finite Element mesh used for the sample of toy model no. 1.

FIGURE 5 . 7 :

 57 FIGURE 5.7: Computed (a) temperatures (in °C), (b) vertical displacements (in mm), (c) horizontal displacements (in mm) and (d) out-of-plane displacements (in mm) for the steady state.

FIGURE 5 . 8 :

 58 FIGURE 5.8: (a)(b)(c) Measured temperature fields (in °C) for three time increments used for toy model no. 1 and (d)(e)(f) associated thermal fluctuations (in °C).

FIGURE 5 . 10 :

 510 FIGURE 5.10: Change in (a) RMS parameter corrections, (b) RMS thermal residuals (in °C) and (c) RMS kinematic residuals (in pixels) during the identification procedure.

FIGURE 5 .

 5 FIGURE 5.11: (a) Global Hessian matrix associated with toy model no. 1, (b) its dimensionless eigenvalues and (c) its eigenvectors.

  Figures 5.12, 5.13, 5.14, 5.15 and 5.16 show the change of relative error on the parameters as the FEMU-TU identification runs. As predicted by the modal analysis of the global Hessian matrix, the parameters describing the Gaussian load are rapidly identified, which contribute the most to the reduction of thermal and kinematic residuals.

FIGURE 5 . 12 :

 512 FIGURE 5.12: Change of Gaussian load amplitude, expressed in relative error (%).

FIGURE 5 . 13 :

 513 FIGURE 5.13: Change of (a) vertical width B X and (b) the horizontal width B Y of the Gaussian load, expressed in relative error (%).

FIGURE 5 . 14 :

 514 FIGURE 5.14: Change of (a) vertical X c and (b) horizontal Y c positions of the Gaussian load centre, expressed in relative error (%).

FIGURE 5 . 15 :

 515 FIGURE 5.15: Change of convection coefficient h, expressed in relative error (%).

FIGURE 5 . 16 :

 516 FIGURE 5.16: Change of in-plane CTE parameters (a) α a 1 and (b) α b 1 , expressed in relative error (%).

  (a)).

FIGURE 5 . 17 :

 517 FIGURE 5.17: (a) Comparison between measured and computed temperatures (in °C) for six specific points of the CMC sample of toy model no. 1, whose location is indicated in sub-figure (b).
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 5518 FIGURE 5.18: Snapshots of spatiotemporal thermal residual maps (in °C), associated with the FEMU-TU of toy model no. 1, for five time increments indicated in Figure 5.17(a). Similarly, five points spread over the sample edge are chosen to illustrate the quality of the kinematic residual minimisation. Figures 5.19(a) and (b) show the measured and computed displacements at convergence, respectively for the horizontal and vertical components, and Figure 5.20 shows the kinematic residual maps for three time increments, indicated in Figure 5.19(a)). These residual maps are slightly higher (in levels) but of the same order of magnitude of the displacement noise-floor.

  (a) and (b) show the measured and computed displacements at convergence, respectively for the horizontal and vertical components, and Figure5.20 shows the kinematic residual maps for three time increments, indicated in Figure5.19(a)). These residual maps are slightly higher (in levels) but of the same order of magnitude of the displacement noise-floor.

FIGURE 5 . 19 :

 519 FIGURE 5.19: Comparison between measured and computed (a) horizontal and (b) vertical displacements (in pixels) for five specific points of the CMC sample of toy model no. 1, whose location is indicated in sub-figure (c).

FIGURE 5 . 21 :

 521 FIGURE 5.21: Sample front face mesh used for stereoDIC measurements of toy odel no. 2.
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  (a)(b) and 5.23(a)(b)) and deflects (Figures 5.22(c) and 5.23(c)). The asymmetry of transverse displacement fields (Figures 5.22(b) and 5.23(b)) is related to the asymmetry of thermal loading, caused by the offset of the beam centre position with respect to the reference origin (i.e., X FE = 0 and Y FE = 0).

FIGURE 5 . 22 :Chapter 5 .FIGURE 5 . 23 :

 5225523 FIGURE 5.22: Measured (a) longitudinal u X , (b) transverse u Y and (c) out-of-plane u Z displacement fields (in mm) for a time increment of the transient state of toy model no. 2. Kinematic fluctuations (in mm) associated with (d) longitudinal, (e) transverse and (f) outof-plane measurements.

FIGURE 5 . 24 :

 524 FIGURE 5.24: Change in (a) RMS thermal residual (in °C) and (b) RMS kinematic residual (in µm) during the identification procedure of toy model no. 2.

  , 5.26, 5.27 and 5.29. Only the convection coefficient h cannot be identified (Figure5.28), since the Tikhonov regularisation was not sufficiently relaxed to reach the eigenvalues whose eigenvectors are associated with this parameter.
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 525526527528529 FIGURE 5.25: Change of Gaussian load amplitude, expressed in relative error (%), for toy model no. 2.

FIGURE 5 .

 5 FIGURE 5.30: (a) Comparison between measured and computed temperatures (in °C) for six specific points of the CMC sample of toy model no. 2, whose location is indicated in sub-figure (b).

Figure 5 .

 5 31) are no longer representative of the temperature fluctuations shown in Figure 5.8.

FIGURE 5 . 31 :

 531 FIGURE 5.31: Snapshots of spatiotemporal thermal residual maps (in °C), associated with toy model no. 2, for three time increments indicated in Figure 5.30(a).

FIGURE 5 .

 5 FIGURE 5.32: (a) Location of the six chosen nodes on the CMC front surface. Comparison between measured and computed (b) longitudinal u X , (b) transverse u Y and (d) out-of-plane u Z displacements (in mm) of toy model no. 2.

FIGURE 5 . 33 :

 533 FIGURE 5.33: Snapshots of spatiotemporal kinematic residual maps (expressed in µm) for two time increments indicated in Figure 5.32(a), for (a)(d) the longitudinal, (b)(e) the transverse and (c)(f) the out-of-plane displacements.

Figure 5 .

 5 34 shows the thermal field for two snapshots of the experiment indicated in Figure5.34(c) where the temporal change of six specific points of the sample (located in Figure5.34(b)) have been plotted.

FIGURE 5 . 34 :

 534 FIGURE 5.34: Temperature field (in °C) for (a) the transient state and (b) the steady state. Change of temperature (in °C) for six points whose location is indicated in sub-figure(b).

  (a) and 5.34(b) are shown respectively in Figure 5.35(a) and 5.35(b).

FIGURE 5 . 35 :

 535 FIGURE 5.35: Masked temperature field (in °C) for (a) the transient state and (b) the steady state.

Chapter 5 .FIGURE 5 . 36 :

 5536 FIGURE 5.36: Nodal (a) horizontal u x and (b) vertical u y displacements (expressed in pixels) measured with PGD-DIC on the (c) CMC sample edge FE mesh.

FIGURE 5 . 38 :( 5 . 34 ) 5 . 4 . 3 FIGURE 5 . 39 :

 538534543539 FIGURE 5.38: Change of (a) longitudinal λ 1 , (b) transverse λ 2 and (c) out-of-plane λ 3 conductivity with temperature (in W • m -1 • K -1 ).• The specific heat capacity C p , as a temperature-dependent property (Figure5.39), is parametrised with a polynomial function of order 3C p (T) = C p1 p T 3 + C p2 p T 2 + C p3 p T + C p4 p

Fig- ure 5 .

 5 40 shows the FE mesh used for the thermomechanical computation and the computed displacement fields for a time increment of the steady state.

FIGURE 5 .

 5 FIGURE 5.40: (a) Finite Element mesh of part of the CMC sample used for the mechanical computation and computed (b) vertical u X , (c) horizontal u Y and (d) out-of-plane u Z displacements (expressed in mm) for the steady state.

FIGURE 5 . 41 :

 541 FIGURE 5.41: Change of (a) in-plane α 1 and (b) out-of-plane α 3 CTE with temperature (in K -1 ).

FIGURE 5 . 42 :

 542 FIGURE 5.42: Dimensionless Hessian matrix [H T ] in logarithmic scale.

FIGURE 5 . 43 :

 543 FIGURE 5.43: Dimensionless Hessian matrix [H U ] in logarithmic scale.

Figure 5 .

 5 44 shows the thermal sensitivity fields for five parameters that are the Gaussian load amplitude A (Figure 5.44(a)), the vertical load width B X (Figure 5.44(b)), the vertical position of the beam centre X c (Figure 5.44(c)), the convection coefficient h (Figure 5.44(d)) (each plotted for a steady state increment) and the constant coefficient C p 4 p of the law describing the specific heat capacity C p , plotted for a steady state increment (Figure 5.44(e)) and a transient state increment (Figure 5.44(f)). The fields are represented on the FE mesh.

FIGURE 5 . 44 : 4 p

 5444 FIGURE 5.44: Thermal sensitivity field (in °C/ ) at a steady state time increment associated with the parameters (a) A, (b) B X , (c) X c , (d) h and (e) C p 4 p . Thermal sensitivity field at a transient time increment associated with the parameter (f) C p 4 p .

FIGURE 5 . 45 :λ p 3 3 .

 5453 FIGURE 5.45: Sensitivity field (in pixels/ ) for horizontal displacement (resp., vertical displacement) at a steady state time increment associated with the parameters (a) (resp., (e)) A, (b) (resp., (f)) B X , (c) (resp., (g)) X c and (d) (resp., (h)) λp 3 3 .As opposed to thermal sensitivities, the effect of the vertical position X c is reduced (Figures 5.45(c)(g)). However, the out-of-plane conductivity is significant on the horizontal component (Figure 5.45(d)) since this parameter will change the temperature difference between the front and back faces of the sample and, as a consequence, the magnitude of the sample deflection (i.e., horizontal displacement). The temperature difference of the surface will also induce a change in local material expansion, hence the vertical sensitivity field (Figure 5.45(h)). Regarding the analysis of the effect of the specific heat capacity over time, it is also observed for the kinematic sensitivity fields (Figure 5.46(a)(e) and Figure 5.46(b)(f)).As expected, the in-plane coefficient of thermal expansion α 1 has a high impact, especially on the vertical displacements (i.e., the elongation of the material) since the in-plane thermal gradient is important. Conversely, the out-of-plane CTE α 3 is mildly sensitive, namely the through-thickness thermal gradient is small so that no real difference of thermal expansion

FIGURE 5 . 46 : 4 p 4 p

 54644 FIGURE 5.46: Sensitivity field (in pixels/ ) for horizontal displacement (resp., vertical displacement) (a) (resp., (e)) at a transient state for the parameter C p 4 p and at a steady state time increment for the parameters (b) (resp., (f)) C p 4 p , (c) (resp., (g)) α p 4 1 and (d) (resp., (h)) α p 5 3 .

FIGURE 5 . 47 :

 547 FIGURE 5.47: Global Hessian matrix for the FEMU-TU procedure computed for a weighting factor ω = 0.5 in logarithmic scale.
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 548549550 FIGURE 5.48: Change in (a) RMS parameter correction, (b) RMS thermal residual (in °C) and (c) RMS kinematic residual (in pixels) during the identification procedure. The changes of the Gaussian load parameters with the iteration number are shown in Figure 5.49 and the variations of the thermal law of the out-of-plane conductivity λ 3 and the in-plane coefficient of thermal expansion α 1 at the end of each Tikhonov loop are plotted in Figure 5.50. They are in accordance with the analysis of the global Hessian matrix (Figure 5.47) and the effect of the Tikhonov relaxations. For strong regularisations (up to an itik power of -3), the most sensitive parameters are rapidly identified and the convergence criterion on the RMS parameter corrections is reached (Figure 5.48(a)). However, as soon as the regularisation is too weak, the important coupling between the least sensitive parameters (related to λ 3 and α 1 ) and those of the thermal load (characterised by the off-diagonal terms of the global Hessian matrix) causes important fluctuations of the thermal load parameters around the previously identified values. This effect, illustrated by the purple crosses in Figure 5.49, also explains the impossibility for the algorithm to converge, since the convergence criterion p is never reached for the last Tikhonov regularisation (Figure 5.48(a)). The important correction of the out-of-plane conductivity λ 3 by 30 to 50% compared to the initial level can be explained by the nature of the tested SiC/SiC sample. The initial data usually correspond to samples with nominal mass density. The tested sample exhibits a density less than

FIGURE 5 .

 5 FIGURE 5.51: (a) Comparison between measured and computed temperatures for six specific points of the CMC sample whose location is indicated in sub-figure (b).

Figure 5 .

 5 Figure 5.51(b)) is assessed with a difference of 6°C between the computed value and the measurement. The residual maps corresponding to steady state increments (Figures 5.52(c)(d)and (e)) evidence the overall good description of the thermal measurements, with some deviations for the top part of the sample that can be related to a model error. In the real experiment, an extractor hood positioned above the sample was activated to evacuate the flame smokes, which leads to an asymmetry of the temperature fields on both sides of the centrally heated area. However, this additional forced convection exchange was not modelled herein. Its inclusion in the thermal FE model could be beneficial to lower the thermal residuals for the steady state. The main source of errors is due to a poor description of the transient state, with local residuals of ca. 100°C. At this point, the thermal FE computation does not reproduce the history of heating for all pixels of the sample, which is the sign of a bad knowledge of the diffusivity parameters κ i .

FIGURE 5 . 52 :

 552 FIGURE 5.52: Snapshots of spatiotemporal thermal residual maps (in °C) for five time increments indicated in Figure 5.51(a).

FIGURE 5 . 55 :

 555 FIGURE 5.55: Change in (a) RMS thermal residuals (in °C) and (b) RMS kinematic residuals (in pixels) during the identification procedure restricted to the transient state.

FIGURE 5 . 56 :Chapter 5 .FIGURE 5 . 57 :FIGURE 5 . 58 :

 5565557558 FIGURE 5.56: Change in (a) the out-of-plane conductivity λ 3 and (b) the specific heat capacity C p . (c) Effect on the out-of-plane diffusivity κ 3 . As mentioned before, the important change of the thermal parameters are related to the low density of the tested sample. Thanks to this new identification, both thermal and kinematic transient states are now better described by the model compared to the measurements as shown by Figures 5.57 and 5.58.

FIGURE 5 . 59 :

 559 FIGURE 5.59: Change in (a) RMS thermal residuals (in °C) and (b) RMS kinematic residuals (in pixels) during the identification procedure for the entire experiment with updated specific heat capacity values.

FIGURE 5 . 61 :

 561 FIGURE 5.61: Change in (a) the in-plane CTE al pha 1 , (b) the out-of-plane conductivity λ 3 , (c) the specific heat capacity C p and (d) the out-of-plane diffusivity κ 3 between initial material laws and at the end of the identification.

FIGURE 6 :

 6 FIGURE 6: PGD temporal modes built during the (a) first and (b) 30th iteration of spacetime PGD-DIC, for the first estimate of reference image f 0 .

FIGURE 7 :

 7 FIGURE 7: Out-of-plane displacement field of a CMC sample at 1,050°C measured by instantaneous (a) FE-stereoDIC and (b) NURBS-stereoDIC.

FIGURE 8 :

 8 FIGURE 8: (a) Ideal image of the calibration target used as reference image and image pair of similar calibration target acquired by the (b) first and (c) second camera of the stereorig.

FIGURE 9 : 3 -

 93 FIGURE 9: 3-camera system and LED lighting monitoring one part of a concrete sample (left). Synthetic images generated from the 3 cameras (right, from top to bottom: camera 1, 2 and 3) [13].

FIGURE A. 7 :

 7 FIGURE A.6: Nodal (a) horizontal u x and (b) vertical u y displacements (expressed in pixels) measured on the CMC sample edge during the heating experiment with PGD-DIC, with a temporal regularisation length L t = 50 images.
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 2 where 𝜀̅ ̇𝑐𝑟 is the equivalent creep strain rate, 𝜺̇𝑐 𝑟 the creep strain tensor, 𝐴𝑟 0 the pre-exponential factor, 𝐸 𝑎 the creep activation energy, 𝑅 the gas constant, 𝑇 the absolute temperature, 𝜎 ̃ the Von mises equivalent stress, 𝑛 the creep stress exponent, 𝑡 time and 𝑚 the creep time exponent.

Figure 1

 1 Figure 1 displays a high power (3kW) high heat flux CO2 laser locally heating the sample described in Section 2.1. This thermal loading induces multiaxial (in-plane and through-thickness) thermal gradients. Under such conditions, the material expands and deflects. To measure the thermomechanical fields of the sample, the top surface is monitored using a middle-wave infrared (IR) camera (FLIR X6580sc) for temperature fields, a visible light camera (AVT Pike-421 with 4/80 lens and 41 mm extension ring) is positioned to measure the edge motion of the sample thanks to LED lighting (GS VITEC Multiled PT). The backside is monitored using bichromatic (IGAR6, Lumasens) and monochromatic (MI3, Raytek) pyrometers.

FIGURE 1 :

 1 FIGURE 1: High temperature test monitored with infrared and visible light cameras

FIGURE 2 :

 2 FIGURE 2: Laser power in green, dimensionless temperature profiles measured by the infrared camera in red and by the pyrometer in blue during the test

3. 1

 1 Temperature field measurement 3.1.1 CalibrationAccurate temperature field measurement is essential not only to control the maximum temperature but also to estimate thermal gradients (i.e. the stress level). In quantitative monochromatic thermography, the knowledge of the emissivity is required to assess the true temperature 𝐿 𝜆 (𝑇) = 𝐿 𝜆 0 (𝑇 𝑅 ) = 𝜀 𝜆 (𝑇) 𝐿 𝜆 0 (𝑇)

Figure 3 ,

 3 Figure 3, at this wavelength, from a few hundred degrees Celsius to the same maximum temperature as in Figure 2. The measured total emissivity is also plotted and will be used in Section 4.1.1.

FIGURE 3 :

 3 FIGURE 3: Spectral emissivity at 4 µm and total emissivity measured on the environmental barrier coating

FIGURE 4 :

 4 FIGURE 4: Calibration data by FLIR ® manufacturer and estimation for several integration times

FIGURE 5 :Figure 6

 56 FIGURE 5: (a) DL field measured on the studied EBC, and (b) residuals (°C) between Equation (6) and the manufacturer calibration data

FIGURE 6 :

 6 FIGURE 6: Average dimensionless temperature fields at the three stabilized heating steps

3. 2 . 1

 21 Global DIC frameworkGlobal DIC considers the minimization of the gray level residuals over the whole region of interest (ROI). It ensures continuity of the displacement fields, which is assumed to be true in this work. The gray level conservation at any pixel location reads𝑔(𝒙 + 𝒖(𝒙)) = 𝑓(𝒙) (7)where 𝑓 is the gray level image in the reference configuration, 𝑔 in the deformed configuration, 𝒙 any pixel in the ROI, 𝒖(𝒙) the sought displacement field. The correlation procedure aims to find 𝑢 that minimize the L2norm of the gray level residual 𝜂 defined as 𝜂(𝒙) = 𝑓(𝒙) -𝑔(𝒙 + 𝒖(𝒙))

Figure 7

 7 Figure7shows the reference image of the monitored edge of the sample during the test. To get a homogeneous background, a high temperature black paint (AREMCO ® 840-M) was applied first, followed by a boron nitride white paint to obtain a random pattern. During the test, the left part of the sample was held in grips.

FIGURE 7 :

 7 FIGURE 7: Reference image of the coated CMC with its speckle pattern. The red dot on the right side of the sample corresponds to the location of the point for which temporal profiles are plotted hereafter.

FIGURE 8 :

 8 FIGURE 8: Displacement fields at 𝑡 = 200 𝑠 in (a) the X and (b) Ydirections expressed in pixel (1 pixel is equal to 55 µm)

FIGURE 9 :

 9 FIGURE 9: Gray level residuals (GL) between the first image and an image in the middle of the last step

FIGURE 10 : 4 . 1

 1041 FIGURE 10: Displacements of the red dot (Figure 7) during the test (1 pixel is equal to 55 µm)

FIGURE 11 :

 11 FIGURE 11: Thermomechanical model with thermal loads (green arrows) from the laser heating and heat loss in the grips (red arrows)

FIGURE 12 :FIGURE 13 :

 1213 FIGURE 12: (a) Elongation (in blue) and (b) deflection (in orange) at the end of the sample obtained by DIC (solid line) and thermoelastic computation (dashed line), 1 pixel is equal to 55 µm

FIGURE 14 :

 14 FIGURE 14: Focus on the area close to the grips with both DIC (in green) and FE (in red) meshes

2 on

 2 aims to calibrate the sought parameters {𝒑} of an FE model by minimizing the global functional 𝜒 𝑇𝑈 𝜒 𝑇 is the thermal cost function, 𝜒 𝑈 the kinematic cost function, and 𝜔 the weighting factor between thermal and kinematic contributions. The FEMU-TU procedure relies on a simultaneously weighted [20]-[22] least squares minimization of thermal and displacement residuals. The residuals for a field 𝑋 (where 𝑋 denotes the temperatures 𝑇 or nodal displacements 𝑼) is defined as the difference between the measured data {𝑿 𝒎 } and the computed ones {𝑿 𝒄 ({𝒑})}, where the latter ones are projected in space on the measurement mesh and in time on the experimental time basis. The weighting of each cost function is made by considering the number of data acquired and used for the minimization (in space 𝑁 𝑋 and in time 𝑁 𝑡,𝑋 ), and by the associated uncertainties on measurements of the field 𝑋 (through the covariance matrix [𝑪 𝑿 ] discussed in the following section). Therefore, the thermal and kinematic cost functions are written as 𝜒 𝑇 2 ({𝒑}) = 1 𝑁 𝑇 𝑁 𝑡,𝑇 ({𝑻 𝒎 } -{𝑻 𝒄 ({𝒑})}) 𝑡 [𝑪 𝑻 ] -1 ({𝑻 𝒎 } -{𝑻 𝒄 ({𝒑})}) 𝑡,𝑈 ({𝑼 𝒎 } -{𝑼 𝒄 ({𝒑})}) 𝑡 [𝑪 𝑼 ] -1 ({𝑼 𝒎 } -{𝑼 𝒄 ({𝒑})}) (14) The FEMU-TU algorithm iteratively updates the parameters by minimizing thermal and kinematic spatiotemporal residuals (gathered in the weighted right-handside vectors {𝑩 𝑿 }) {𝜹𝒑} = (𝜔[𝑯 𝑻 ] + (1 -𝜔)[𝑯 𝑼 ]) -1 (𝜔{𝑩 𝑻 } + (1 -𝜔){𝑩 𝑼 })

[

  𝑯], defined as the weighted sum of thermal and kinematic Hessians [𝑯] = 𝜔[𝑯 𝑻 ] + (1 -𝜔)[𝑯 𝑼 ]

  . The Hessian matrix of a field 𝑋 depends on the sensitivity matrix [𝑺 𝑿 ] (gathering the sensitivity vectors {𝑺 𝑿,𝒑 𝒊 } of the measured data with respect to an independent variation of each parameter 𝑝 𝑖 )[𝑯 𝑋 ] = [𝑺 𝑋 ] 𝑡 [𝑪 𝑋 ] -1 [𝑺 𝑋 ] 𝑁 𝑋 𝑁 𝑡,𝑋(18)with {𝑺 𝑿,𝒑 𝒊 } = {𝑿 𝒄 ({𝒑 𝒅𝒊𝒔𝒕,𝒊 })} -{𝑿 𝒄 ({𝒑 𝒓𝒆𝒇 })} 𝜀

Figure 15 .

 15 Figure 15. The Hessian is represented as a square matrix of size the number of parameters, where the values of the absolute components are expressed in logarithmic scale (base 10) and where the sign of the components (plus or minus) of the matrix is plotted for each component. Thus, a high value of the component of the diagonal of the Hessian matrix corresponds to a high sensitivity of such parameter.Couplings between parameters are quantified by the offdiagonal components and can also be assessed with the eigenvectors of the diagonalized Hessian matrix.

Figure 15 :

 15 Figure 15: Global Hessian matrix in log-10 scale with different weighting factors 𝜔

  (i.e 𝜔 = 0.73) leads to a high sensitivity of the thermal parameters and makes the identification of the thermomechanical properties of the coating more difficult. The analysis of the eigenvalues and eigenvectors of the Bayesian Hessian matrix (Figure 16) highlights its bad conditioning. It can be seen that there are 3 to 4 orders of magnitude between the first eigenvalues (whose associated eigenvectors are driven by thermal loading parameters) and the eigenvalues associated with creep and thermal expansion contributions.

FIGURE 16 :

 16 FIGURE 16: Dimensionless (a) eigenvalues and (b) eigenvectors of the global Bayesian Hessian matrix (𝜔 = 0.73)

FIGURE 17 :

 17 FIGURE 17: Dimensionless (a) eigenvalues and (b) eigenvectors of the global Hessian matrix computed with 𝜔 = 0.25

FIGURE 18 :

 18 FIGURE 18: Dimensionless (a) eigenvalues and (b) eigenvectors of global Hessian matrix computed with 𝜔 = 0

FIGURE 19 :

 19 FIGURE 19: Root mean square residual (°C) history over the entire sample for the first heating step

FIGURE 20 :

 20 FIGURE 20: Change of (a) Y position and (b) the amplitude of the laser loading during the iterative procedure for the first loading step

FIGURE 21 :

 21 FIGURE 21: Residual fields (°C) considering minimization on the entire sample for (a) the first, (b) second and (c) last step. The blue box shows the central area where a second FEMU analysis will be run

FIGURE 22 :FIGURE 23 :

 2223 FIGURE 22: Residual fields (°C) considering the minimization on the central area (see Figure 21(b)) for (a) the second and (b) last steps

FIGURE 24 :

 24 FIGURE 24: Root mean square (a) displacement residual (px) and (b) increment of parameter history during the minimization procedure

FIGURE 25 :

 25 FIGURE 25: Change of (a) coefficient of thermal expansion law and (b) creep stress exponent 𝒏 with the iteration number and Tikhonov relaxation

FIGURE 26 :

 26 FIGURE 26: Root mean square (a) displacement residual (px) and (b) increment of parameter history

FIGURE 27 :

 27 FIGURE 27: Change of (a) coefficient of thermal expansion law and (b) creep law stress exponent 𝒏

Figure 28

 28 Figure 28 shows the deflection at the end of the sample before and after identification compared to DIC measurements. The updated creep parameters reduce the gap between measurements and modeling, with different values as those calibrated during TMA tests. The small remaining difference concerns the beginning of the step, when the temperature field is not stabilized. It can be linked with temperature differences in the transient stage. However, the thermal calibration procedure could also take into account material properties such as diffusivity, which are relevant when trying to reduce the gap in transient stages.

FIGURE 28 :

 28 FIGURE 28: Deflection at the end of the sample obtained by DIC (solid line), for the initial and calibrated computation

FIGURE 29 :

 29 FIGURE 29: Residual displacement fields after identification in the transverse direction for the three stabilized heating steps

FIGURE 30 :

 30 FIGURE 30: Elongation at the end of the sample obtained by DIC (solid line), for the initial and updated computation
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1.3.1 Challenges of high-temperature experiments 1.3.1.1 Effect of temperature on imaging

  

TABLE 1 .

 1 

	1: Overview of reported high-temperature experiments using DIC analyses or con-tributing to heat haze characterisation.
	Temperature	Heating device	Material	Heat haze effect Ref.
	600°C	Open Furnace	Steel	Impact on U	[225]
	650°C	Furnace	Superalloy	Impact on	[204]
	704°C	Furnace	Superalloy	Not mentionned [235]
	1,000°C (feasibility at 1,100°C)	Ohmic heating	Superalloy	Mentionned, not quantified	[208]
	140°C	Furnace	PI/SiO 2 films	Not mentionned [236]
	550°C	IR radiator	Stainless steel	Overlooked	[209]
	600°C	Furnace then outside	Ferritic steel	Mentionned, not quantified	[226]
	1,200°C	IR radiator	Stainless steel	Not mentionned [210]
	1,500°C	Laser	C/SiC composites and Superalloy	Impact on	[211]
	1,100°C	Flame	Coating	Mentionned, not quantified	[205]
	900°C	Furnace	Ceramic	Mentionned, not quantified	[227]
	200°C	Furnace	Glass-ceramic	Impact on	[228]
	800°C	Resistance	BOS setup	Characterisation, impact on U	[219]
	800°C	Furnace	Ti-6Al-4V	Mentionned, not quantified	[212]
	800°C (feasibility at 1,200°C)	IR heaters	Titanium alloy	Not mentionned [237]
	720°C	Induction	Steel	Not mentionned [238]
	1,150°C	Induction	Superalloy	Impact on	[214]
	800°C	IR heaters	Stainless steel and C/SiC composites	Impact on	[232]
	2,600°C	Ohmic heating	Carbon	Not mentionned [215]
	1,350°C	Furnace	Ceramic	Impact on	[213]
	1,000°C	Furnace	Coating material	Mentionned, not quantified	[229]
	1,000°C	Furnace	SiC	Impact on	[230]
	1,200°C	Furnace	Stainless steel	Impact on	[231]
	1,600°C	Furnace	C/SiC composite	Not mentionned [216]
	Unknown (low)	Heater and sunlight	BOS setup and outside building	Characterisation, impact on U	[222]
	From sunlight to 150°C	Outside, lights, furnace	BOS setup	Characterisation, impact on U	[220]
	2,000°C	Furnace with inert atmosphere	C/C composite	Mentionned, not quantified	[224]
	700°C	Radiation	Superalloy	Not mentionned [217]
	Unknown (low)	Heating lamp	BOS setup	Characterisation, impact on U	[233]
	60°C	Induction	BOS setup	Characterisation, impact on U	[223]
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1: YZ in-plane prescribed displacements with the micro-positioning linear stage for each step of the calibration phase.

  FIGURE 3.23: Calibration law between DL and temperature, computed for an integration time IT = 30 µm for the FLIR X6580sc camera.

	ΔT 2	
	ΔT 1	
	ΔDL	ΔDL

  Based on the 3D surface displacement fields measured on the calibration target during the calibration step (see Section 2.3.1), the standard displacement uncertainties are computed for each prescribed position. As detailed in Section 2.3.1, for each position of the calibration target prescribed by the in-plane linear stage (Table2.1), approximatively 15 images were acquired. Thus, it is possible to investigate the uncertainty on the displacements measured by instantaneous stereoDIC on this set of 15 images.Figures 3.42 

3 Development of PGD-DIC for 2D displacement fields

  In this chapter, the content of two published articles (M. Berny, T. Archer, A. Mavel, P. Beauchêne, S. Roux, and F. Hild, "On the analysis of heat haze effects with spacetime DIC," Opt. Lasers Eng., vol. 111, pp. 135-153, 2018[1] and M. Berny, C. Jailin, A. Bouterf, F. Hild, and S. Roux, "Mode-enhanced space-time dic: applications to ultra-high-speed imaging," Meas. Sci. Technol., vol. 29, no. 12, pp.[1][2][3][4][5][6][7][8][9][10][11][12][13][14][15][16] 2018 
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  4.3. Development of PGD-DIC for 2D displacement fields 193 the displacement measurements and possibly for the relaxation of the gray level conservation, if it is required (i.e., if the flag F BCC is equal to 1, see lines 11-16 in Algorithm 4).

	Algorithm 4 Complete spacetime PGD-DIC algorithm with BC corrections
		procedure COMPLETE SPACETIME PGD-DIC WITH BCC
	2: 4: 6:	f (x) ← f 0 (x) [U] ← [0] n x ×N t [bc] ← [0] n BC ×N t ∀t, b t (x) ← [0] n×m , c t (x) ← [0] n×m	Initialisation of reference image Initialisation of spacetime disp. Initialisation of the BC fields Initialisation of the BC fields (pixels)

TABLE 4 . 1 :

 41 Discretisation of the first heating level (with no fan) into time increments.

	Time increment	Corresponding image numbers
	1	Images 2 to 50
	2	Images 51 to 60
	3	Images 60 to 70
	4	Images 70 to 80
	5	Images 80 to 90
	6	Images 90 to 100
	7	Images 100 to 110
	8	Images 110 to 120
	9	Images 120 to 150
	10	Images 150 to 200
	11	Images 200 to 250
	12	Images 250 to 350
	13	Images 350 to 450

TABLE 4 .

 4 2: Overview of displacement measurements of the CMC sample surface during the first heating level (with no fan) with several temporal interpolations.

	Chosen procedure	Number of temporal degrees of freedom	RMS spa-tiotemporal residual	Computation time	Temporal fluctuations over 220 images (ratio wrt. inst. stereoDIC)
	Instantaneous stereoDIC Spacetime stereoDIC (reference case): only linear FE functions Spacetime stereoDIC	449 14	3.7 GL (1.4% of dynamic range) 4.45 GL (1.7% of dynamic range)	4,490 s 2,662 s	u x : 19.2 µm (-) u y : 5.5 µm (-) u z : 15.7 µm (-) u x : 2.5 µm (8) u y : 0.5 µm (10) u z : 2.7 µm (6)
	(case no. 1): linear FE and exponential functions of temperature	11	4.45 GL (1.7% of dynamic range)	5,962 s	u x : 2.2 µm (9) u y : 0.5 µm (11) u z : 2.8 µm (6)
	Spacetime stereoDIC				
	(case no. 2): linear FE, temperature and squared temperature signals	5	4.49 GL (1.7% of dynamic range)	2,967 s	u x : 2.7 µm (7) u y : 0.5 µm (11) u z : 1.5 µm (10)
	Spacetime stereoDIC				
	(case no. 3): linear FE and exponential functions of u x and u y	5	4.47 GL (1.7% of dynamic range)	3,501 s	u x : 0.9 µm (20) u y : 0.4 µm (15) u z : 1.8 µm (9)

  is the identity matrix, {p} the set of current parameters, {p 0 } the initialisation of {p}, the Hadamard division symbol (i.e., element-wise division) and λ Tik the Tikhonov factor, computed here with respect to the largest eigenvalue λ max,H tot of the global Hessian matrix [H tot ], so that λ Tik = λ max,H tot × 10 itik (5.18)

		[H Tik ] = λ Tik [I]	(5.16)
	and	{B Tik } = λ Tik ({p 0 } -{p}) {p 0 }	(5.17)
	where [I]		

TABLE 5 .

 5 1: Identification results for toy model no. 1.

	Parameters	True value	Initial value	Initial relative error (%)	Converged value	Converged relative error (%)
	A (J • K -1 • m -2 ) B X (mm) B Y (mm) X c (mm) Y c (mm) h (W • m -2 • K -1 ) α a 1 (K -1 ) α b 1 (K -1 )	850 15 8 -7 -1 10 2.4×10 -6 4.0×10 -6	1,232.5 12 5.92 -9.45 -0.98 11.1 1.99×10 -6 4.92×10 -6	45 -20 -26 35 -2 11 -17 23	849.99 15.00 8.00 -7.00 -1.00 11.1 2.19×10 -6 4.00×10 -6	-1.2×10 -3 3.2×10 -3 -9.7×10 -4 -2.3×10 -3 -9.2×10 -4 11.0 -8.8 -2.0×10 -2
	Figures 5.12					

5.3.2 Toy model no. 2: high-temperature experiment with one IR camera and two visible light cameras (stereovision)

  The toy model no. 2 is based on the same thermomechanical FE model than this of toy model no. 1, presented in Section 5.3.1. It is here again parametrised by a set of eight parameters {p}= (A, B X , B Y , X c , Y c , h, α a 1 , α b 1 )and the reference solution {p true } is chosen as

  10. The procedure is initialised far from the reference configuration with a set of parameters {p 0 } such that After 19 iterations and nine Tikhonov relaxations (from λ Tik = λ max,H tot × 10 -2 to λ Tik = λ max,H tot × 10 -10 ), the RMS temperature residuals decreased from 38.2°C to 2.0°C (Figure5.24(a)) and the RMS displacement residuals reduced from 21.0 µm to 1.2 µm (Figure5.24(b)), which are consistent with the order of magnitude of standard thermal and kinematic uncertainties.

	0.74 × p true i	≤ p 0 i ≤ 1.45 × p true i	, with i ∈ [1; 8]	(5.30)

Table 5 .

 5 2 summarises the identification results for this test case.

TABLE 5 . 2 :

 52 Identification results for toy model no. 2.

	Parameters	True value	Initial value	Initial relative error (%)	Converged value	Converged relative error (%)
	A (J • K -1 • m -2 ) B X (mm) B Y (mm) X c (mm) Y c (mm) h (W • m -2 • K -1 ) α a 1 (K -1 ) α b 1 (K -1 )	800 15 8 -7 -1 10 2.4×10 -6 4.0×10 -6	1,160 12 5.92 -9.45 -0.98 11.1 1.99×10 -6 4.92×10 -6	45 -20 -26 35 -2 11 -17 23	801.46 15.00 8.02 -7.00 -1.00 11.1 2.40×10 -6 3.99×10 -6	0.18 -7.0×10 -3 0.31 -6.7×10 -3 0.43 11.2 -0.12 -0.16

  1, which consists in uncoupled and sequential thermal and mechanical computations. The nominal geometry of the tested material is defined in the FE software ABAQUS (Figure 5.37(a)). The complete sample is meshed with 9600 8-noded elements, with five elements in the thickness and locally refined in the central part (heated area). Regarding the thermal model used in the following discussion, it is strictly identical to the one presented in Section 5.3.1. The temperatures are computed for the entire sample as shown in Figure 5.37(b).

			NT11	
			+2.000e+01 +1.310e+02 +2.420e+02 +3.530e+02 +4.640e+02 +5.750e+02 +6.861e+02 +7.971e+02 +9.081e+02 +1.019e+03 +1.130e+03 +1.241e+03 +1.352e+03	
		X		
	Z	Y		
	X		X	
	Z	Y	Z	Y
	(a)		(b)	

FIGURE 5.37: (a) Finite Element mesh of the real tested sample to perform the thermal simulation and (b) computed temperatures (in °C) for the steady state.

  As stated in Section 5.2.1, this step is conducted through the analysis of the spatiotemporal Hessian matrices [H T ] and [H U ]. The thermal Hessian matrix [H T ] only depends on the 21 thermal parameters {p th } while the kinematic Hessian matrix [H U ] depends on the entire set {p} = {{p th }, {p thm }}.

  • 𝑒 -𝐸 𝑎 𝑅𝑇 • 𝜎 ̃𝑛 • 𝑡 𝑚

		(1)
	with	
	𝜀̅ ̇𝑐𝑟 = √ 2 3	𝜺̇𝑐 𝑟 : 𝜺̇𝑐 𝑟

TABLE 1 :

 1 DIC hardware parameters

		AVT PIKE F-421 (monochrome
	Camera	
		detector)
	Camera definition	2048 x 2048 pixels
		Schneider Kreuznach Band pass
	Filter	
		Filter, BP 540-70 HT
	Grey Levels	
		8 bits
	amplitude	
	Lens	Schneider Kreuznach 2.8/50
	Field of view	see text
	Image scale	see text
	Image acquisition	
		0.5 fps
	rate	
	Exposure time	25 ms

TABLE 2 :

 2 IR hardware parameters

	Camera	FLIR X6580SC
	Camera definition	640 x 512 pixels
	Digital Levels	
		14 bits
	amplitude	
	Field of view	see text
	Pixel size	200 µm
	Image acquisition	
		0.5 fps
	rate	
	Integration time	30 µs

TABLE 3 :

 3 DIC analysed parameters

	DIC software	Correli 3.0 [42]
	Image filtering	none
	Element length	20 px
	Regularization length	200 px
	Shape functions	linear (T3)
	Mesh	regular
	Interpolant	cubic
	Displacement noise-	
		0.02 px
	floor	
	3.2.2 Application to the test	

  𝒕𝒉 } (according to functional 𝜒 𝑇2 ({𝒑 𝒕𝒉 } ) by determining the new correction vector {𝜹𝒑 𝒕𝒉 }{𝜹𝒑 𝒕𝒉 } = [𝑯 𝑻 ] -1 {𝑩 𝑻 }(20)with [𝑯 𝑻 ] defined in Equation(18) and{𝑩 𝑻 } = 1 𝑁 𝑇 𝑁 𝑡,𝑇 [𝑺 𝑇 ] 𝑡 [𝑪 𝑇 ] -1 ({𝑻 𝒎 } -{𝑻 𝒄 ({𝒑 𝒕𝒉 } )})(21)where[𝑪 𝑇 ] is a diagonal matrix with a variance depending on the temperature level to weight temperatures according to their uncertainties. The values of the standard deviation were identified in other tests. The minimization stops once the magnitude of the new correction {𝜹𝒑 𝒕𝒉 } is less than 1%. 𝑁 𝑈 𝑁 𝑡,𝑈 [𝑺 𝑈 ] 𝑡 [𝑴 𝐷𝐼𝐶 ]({𝑼 𝒎 } -{𝑼 𝒄 ({𝒑 𝒕𝒉𝒎 } )}) (23) where [𝑴 𝐷𝐼𝐶 ] is a block diagonal matrix constructed with the DIC Hessian matrix [𝑴 𝐷𝐼𝐶 ] introduced in Section 3.2.1, and 𝜎 𝑓 the standard deviation of acquisition noise. Moreover, to help convergence of each algorithm, an additional Tikhonov regularization is introduced [22], with [𝑯 𝑻𝒊𝒌𝒉,𝑿 ] = 𝜆 𝑇𝑖𝑘ℎ,𝑋 [𝑰] (24) and {𝑩 𝑻𝒊𝒌𝒉,𝑿 } = 𝜆 𝑇𝑖𝑘ℎ,𝑋 ({𝒑 𝟎 } -{𝒑})./{𝒑 𝟎 } (25) where [𝑰] is the identity matrix, {𝒑} the set of current parameters (i.e. {𝒑 𝒕𝒉 } or {𝒑 𝒕𝒉𝒎 } depending on the FEMU-X procedure), {𝒑 𝟎 } the initialization of {𝒑} and 𝜆 𝑇𝑖𝑘ℎ,𝑋 the Tikhonov factor, computed here with respect to the largest eigenvalue 𝜆 𝑚𝑎𝑥,𝑋 of the Hessian matrix [𝑯 𝑋 ] (i.e. 𝜆 𝑇𝑖𝑘ℎ,𝑋 = 𝜆 𝑚𝑎𝑥,𝑋 10 𝑖𝑡𝑖𝑘 ). The Tikhonov regularization is relaxed step by step, by reducing the value of 𝑖𝑡𝑖𝑘 (i.e., decreasing 𝜆 𝑇𝑖𝑘ℎ,𝑋 ) until it possibly reaches the lower eigenvalues of the Hessian matrix [𝑯 𝑋 ].

	Once the thermal loading parameters are calibrated for the three temperature levels, the entire experiment is 1 {𝑩 𝑼 } = 2𝜎 𝑓 2 This regularization leads to a slight
	considered, with transient and steady states, for the FEMU-modification of each FEMU-X system
	U identification. Thermal boundary conditions are set and
	the FEMU-U procedure runs, according to Equation (14), to calibrate the thermomechanical parameters {𝒑 𝒕𝒉𝒎 } = {𝜹𝒑} = ([𝑯 𝑿 ] + [𝑯 𝑻𝒊𝒌𝒉,𝑿 ]) -1 ({𝑩 𝑿 } + {𝑩 𝑻𝒊𝒌𝒉,𝑿 }) (26)
	{𝛼 𝑥 1 , 𝛼 𝑥 2 , 𝛼 𝑥 3 , 𝑛, 𝑚} 𝑡 by iteratively computing the corrections
	{𝜹𝒑 𝒕𝒉𝒎 }	
		{𝜹𝒑 𝒕𝒉𝒎 } = [𝑯 𝑼 ] -1 {𝑩 𝑼 }	(22)
	with [𝑯 𝑼 ] defined in Equation (18) and, considering that
	[𝑪 𝑼 ] = 2𝜎 𝑓 2 [𝑴 𝐷𝐼𝐶 ] -1	[48], [49]

TABLE 4 :

 4 Creep parameters before and after the FEMU-T, FEMU-U procedures

			FEMU-T on	FEMU-T on
	Creep			
		Initialization	the entire	the central
	parameters			
			surface	zone
	n	0.9	1.32	1.22
	m	0.78	0.8	0.79

  Essais à hautes températures sur des composites à matrice céramique : de la mesure de champs régularisés à l'identificationde paramètres thermomécaniques Mots clés : Corrélation d'Image Numérique ; Composites SiC/SiC ; Décomposition modale ; Brume de chaleur ; Quantification d'incertitudes ; Méthodes d'identification. Cette thèse a pour objectif de développer une méthode de mesure de champs par corrélation d'images numériques (CIN) à haute température couplée à des mesures thermiques sur une éprouvette technologique en CMC sollicitée dans des conditions thermiques représentatives d'un environnement moteur et de mettre en place une méthodologie d'identification des propriétés thermiques et thermomécaniques du matériau, en quantifiant à chaque étape de la chaîne les incertitudes associées aux quantités d'intérêt et en les réduisant. Il a pour cela été nécessaire de traiter les défis inhérents à la CIN à chaud, que ce soit au niveau de l'acquisition des images (saturation, perte du contraste) ou de la mesure (artefacts dus à l'effet mirage, aussi appelé "brume de chaleur"). Ces travaux ont ainsi donné lieu au développement d'un protocole d'étalonnage d'un banc multi-instrumenté par l'utilisation soit d'une mire in-situ, soit par auto-étalonnage en utilisant l'éprouvette elle-même et son environnement. Les mesures de déplacements 3D surfaciques (approches de stéréocorrélation globales) et les mesures thermiques ont permis de mettre en évidence ce phénomène de brume de chaleur. Des stratégies de régularisation spatiotemporelles des déplacements mesurés ont été proposées et ont permis d'obtenir des résultats satisfaisants (réduction significative des incertitudes de mesure). De même, des approches par réduction de modèles (POD) ont permis de traiter les données thermiques et de quantifier les incertitudes associées aux phénomènes convectifs. Enfin, un algorithme de recalage de modèle éléments finis pondéré sur les données de températures et de déplacements a été implémenté en vue d'identifier un ensemble de propriétés thermiques et thermomécaniques, en tenant compte de la sensibilité de chaque paramètre par rapport aux incertitudes de mesures.
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CFM International is a 50-50 joint venture between American GE Aviation and French SAFRAN Aircraft Engines. The LEAP is an engine that powers narrow-body aircrafts and is the successor of the best-selling engine in the world CFM56.
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The following chapter analyses the effects of high temperatures on data acquisition and thermomechanical measurements based on these calibrated cameras, in terms of uncertainties and challenges to measure properly temperature and displacement fields in such challenging environment.

presc. y = 2 mm) with no fan.
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Details of the DICCIT project can be found in the URL http://www.teratec.eu/forum_2016/Espace_ Projets_Astech.html
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With these results, it is now easier to assess the maximum displacements induced by laser heating for the last temperature level (i.e., 1,350°C), which are a longitudinal elongation of 180 µm, a transverse expansion of 65 µm and a downward deflection of 230 µm. Some improvements could still be investigated to better describe the CMC kinematic response for the transient states since the change of transverse displacements is unexpected. However, regarding the already obtained results and the consistent displacement fields for all three components at the steady states at 1,050°C (Figure 4.63) and 1,350°C (Figure 4.64), the analysis of the experiment with the spacetime approach is deemed satisfactory.

Chapter 5

Identification of thermomechanical properties of a CMC material

In this chapter, an identification framework based on spatiotemporal thermal and kinematic full-field measurements, called FEMU-TU, is proposed. The procedure aims to identify thermal and thermomechanical properties of CMC materials tested at very high temperatures by simultaneously minimising the spatiotemporal residuals on temperatures and 2D/3D displacement fields, with respect to associated uncertainty levels. The FEMU-TU approach was applied to two virtual test cases representative of actual experiments to assess the validity of the developed algorithm. Lastly, the identification results based on the measurements acquired during a real high-temperature experiment are discussed.

Chapter 5. Identification of thermomechanical properties of a CMC material

Experimental Data
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Hessian matrix [H Tik ] and right-hand member {B Tik } Linear system: The experimental data refer to kinematic and thermal measurements, associated with the temporal bases (e.g., acquisition time bases of the visible light camera and the IR camera), the spatial meshes that are the FE mesh used for the global DIC analysis and the IR pixels Chapter 5. Identification of thermomechanical properties of a CMC material matrix [C U ] computed for the real experiment is not diagonal and its diagonal terms are not equal. Figure 5.9 shows the horizontal and vertical displacement fields for two instants of the transient and steady states, and their associated uncertainties. Thus, the toy model no. 1 is composed of spatiotemporal thermal fields (959 IR images) and 2D spatiotemporal displacement fields (180 images) and a FEMU-TU procedure (with a Bayesian weighting factor ω of 99.8%) is performed using these fields to identify the sought parameters {p} (i.e., {p true }). The developed FEMU-TU procedure gives very satisfactory results for the identification of thermal parameters (i.e., thermal boundary conditions) and thermomechanical parameters of the CMC material based on spatiotemporal temperature and 2D displacement fields acquired for two different surfaces of the tested sample. The identification is deemed reliable since the converged parameters are very close to the sough solution, which leads to very low residuals. Thus, if the thermomechanical model is known by the user, so that there are no additional model error besides the measurement uncertainties that were previously assessed, the algorithm converges to a solution that will minimise the residuals to the level of the measurement noise. In addition, the toy model no. 1 illustrates the need for performing the identification of the sensitive parameters (which could be identified with respect to the uncertainty levels). Thus, a sensitivity analysis should be performed for each new experiment and FEMU identification, which will be presented in Section 5.4.3.

Measured

Chapter 5. Identification of thermomechanical properties of a CMC material

The analysis of the displacement residuals leads to the same conclusions. Figure 5.53 shows the horizontal and vertical measured and computed displacements for five nodes spread over the sample edge surface (Figure 5.53(c)). It is recalled that the DIC measurements of the six nodes below node no. 5 (whose location is indicated in Figure 5.53(c)) are used as kinematic boundary conditions for the thermomechanical computation, which induce the temporal variations of the computed displacements. One can note the offset between the measured and computed vertical displacements, even for node no. 5 close to the region with the measured kinematic boundary conditions, which is expected to be equal to 0, as it is the case for the horizontal displacement (Figure 5.53(a)). A coupled thermomechanical analysis may remove this artefact, because the temperature fields will be computed on a mesh that expands over time and the position of a given node will be consistent with the applied (real) temperature field. Further investigations are required to check this hypothesis. As shown on the instantaneous displacement residual maps, the deviations mainly occur for To summarise, the FEMU-TU identification gave very satisfactory results with respect to the experimental conditions and measurement uncertainties. The two simple thermal and thermomechanical models enable for an important reduction of the residuals compared to the initial knowledge of the model. The likely origins of model errors were reported in this section, which could improve the assessment of the boundary conditions and of the material properties to better describe the thermal and kinematic measurements for transient and steady states. Among these propositions of improvement, a choice has been made to re-identify the diffusivity of the SiC/SiC material that significantly changes the thermomechanical behaviour of the CMC during the transient phase, which needs to be properly modelled for industrial sizing [90]. In order to identify the out-of-plane diffusivity κ 3 that combines the out-of-plane conductivity λ 3 and the specific heat capacity C p , a focus has to be made on the frames of the transient state. In the next section, a second identification step is discussed to improve the calibration of these parameters.

Improvement of the FEMU-TU identification

A second FEMU-TU minimisation is performed on the beginning of the experiment (i.e., t ≤ 119 s. This procedure involves 570 IR images divided into 395 images acquired at a frequency of 6.25 Hz and 175 images at a frequency of 3 Hz (i.e., 9,203,006 thermal data) and 108 visible light images (i.e., 68,052 kinematic data). As previously, to avoid the predominance Table 5.3 reports the change of the Gaussian load parameters between the initialisation provided by SAFRAN Ceramics and the improved results discussed in this section. As the regularisation length increases, the RMS residuals rise (a bit), which is consistent with stronger regularisations that enforce the removal of fluctuations of temporal lengths measured with spacetime PGD-DIC smaller than L t . The positive effect of denoising is highlighted since the RMS residuals drop right from first update on the reference image f . When no additional regularisation is introduced (i.e., L t = 1), the algorithm converges to spatiotemporal displacements that are close to those measured with instantaneous DIC (Figure A.2) but is still able to remove part of the temporal fluctuations (since the RMS residual is greater than that of instantaneous approach). However, as shown in Figure A.3, the sole PGD-DIC approach is not sufficient to mitigate the high frequency fluctuations associated with the heat haze effect, hence the benefit of additional temporal regularisation. If the regularisation length is too large (e.g., greater than 50 images), measurement errors are introduced as shown in Figures A.7(a) and A.8(a) with inconsistent horizontal displacements for the nodes located at the free edge of the sample (i.e., of maximum amplitude). In addition, it can be noted that, whatever the regularisation length, the displacements measured for the stabilised state fluctuate, which is related to fluctuations of thermal loading (flame oscillations).

Thus, the choice of a length equal to 10 images for the analyses discussed in Section 4.3.5 was guided by the compromise between the assessment of consistent measurements for the CMC lateral surface and the simplicity of modal parametrisation (achieved with higher regularisation length). Regularisation lengths less than 10 images did not allow for the removal of the fluctuations due to heat waves and regularisation lengths greater than 50 images appear too strong, so that measurement errors are introduced. The analysis performed with a length of 50 images leads to displacements too "smooth" with respect to the flame fluctuations. In addition, the length led to significantly higher fluctuations for the displacements measured before the flame arrival (i.e., for a picture number less than 20), as shown in Figure A.9 for their mean levels at room and high temperatures. Thus, a length of 10 images was selected to further investigate the experiment. measured with spacetime PGD-DIC Even though the analyses of spatiotemporal residuals, displacements and measurement fluctuations provide guidance to discriminate some regularisation lengths, the final choice may appear arbitrary. Thus, it could be interesting to build a criterion to help the user neutrally set the regularisation length.

Appendix B

Creep behavior identification of an environmental barrier coated ceramic matrix composite using full field measurements

In this appendix, the submitted article of Ref. [1] is reproduced. 

Creep behavior identification
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