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Evolution of thermal insulation of plasma-sprayed thermal barrier coating systems with exposure to high temperature

Introduction

Plasma-sprayed (PS) thermal barrier coatings (TBCs) made of yttria-stabilized zirconia (YSZ) are still the coatings of choice for the metallic components of the hottest part of aeronautical and utility gas turbines.

These coating systems delay the onset of thermally induced failures by reducing the temperature and the oxidation rate of the metal substrate. However, the YSZ may undergo significant microstructural changes with exposure to temperature. These changes include sintering of pores and cracks thereby decreasing the heat-scattering interfaces, hence the intrinsic thermal insulation of the coating. Plasma-sprayed YSZ coatings are particularly sensitive to these phenomena because they display a high anisotropy with a large number of pores and interfaces at the micro-and nano-scales. Since the low thermal conductivity of YSZ coatings depends on the scattering of phonons and photons by such defects, the understanding of the impact of microstructural changes on the insulating efficiency of thermal barrier systems becomes paramount.

A considerable number of researches has been conducted to determine the mechanisms of heat transport through the particular microstructure of PS TBCs [START_REF] Mcpherson | A Model for the Thermal Conductivity of Plasma-Sprayed Ceramic Coatings[END_REF][START_REF] Pawlowski | Thermal Transport Properties of Thermally Sprayed Coating[END_REF][START_REF] Cernuschi | Thermal Diffusivity/Microstructure Relationship in Y-PSZ Thermal Barrier Coatings[END_REF][START_REF] Golosnoy | An Analytical Model for Simulation of Heat Flow in Plasma Sprayed Thermal Barrier Coatings[END_REF]. For these coatings, the heat conduction is the result of a competition between that occurring through solid zirconia and that through gas-filled pores. While conductivity of fully dense YSZ at room temperature (RT) has been reported to be 2.5 W.m -1 .K -1 [START_REF] Raghavan | The Effect of Grain Size, Porosity and Yttria Content on the Thermal Conductivity of Nanocrystalline Zirconia[END_REF][START_REF] Zhu | Thermal Conductivity of Ceramic Thermal Barrier and Environmental Barrier Coating Materials[END_REF], that of gas in a closed pore is a hundred times lower (λair  0.025 W.m -1 .K -1 ) considering the dimensions of the pores much larger that the molecular mean free path of the gas molecules [START_REF] Golosnoy | Heat Transfer Through Plasma-Sprayed Thermal Barrier Coatings in Gas Turbines: A Review of Recent Work[END_REF]. However, when the pores are smaller (typically fine interlamellar pores 1 µm), the heat conduction of the gas falls below the conduction of the free gas to 0.01 W.m -1 .K -1 due to gas molecule-wall collisions (Knudsen conduction) [START_REF] Loeb | The Kinetic Theory of Gases[END_REF]. Even when considering very high temperature (1750°C) and high pressure (40 bar), the gas conduction in such small pores does not exceed 0.01 W.m -1 .K -1 [START_REF] Golosnoy | Heat Transfer Through Plasma-Sprayed Thermal Barrier Coatings in Gas Turbines: A Review of Recent Work[END_REF], hence still providing a lower heat conduction than bulk zirconia (2.0 W.m -1 .K -1 [START_REF] Mevrel | Thermal Diffusivity and Conductivity of Zr1-xYxO2-x/2 (x = 0, 0.084 and 0.179) Single Crystals[END_REF]). Consequently, both the size and concentration of the pores in PS TBCs have a significant impact on the relative heat transport properties.

Porosity can be quantitatively characterized using advanced techniques like computed microtomography (CMT) and small-angle neutron scattering (SANS), as well as simpler methods that measure the density of the coatings, such as gas sorption, e.g. He pycnometry and Brunauer-Emmett-Teller (BET), liquid intrusion, e.g. Archimede's method and mercury intrusion porosimetry (MIP), or image analysis (IA) [START_REF] Kulkarni | Computed microtomography studies to characterize microstructure-property correlations in thermal sprayed alumina deposits[END_REF][START_REF] Kulkarni | Comprehensive microstructural characterization and predictive property modeling of plasma-sprayed zirconia coatings[END_REF][START_REF] Deshpande | Application of image analysis for characterization of porosity in thermal spray coatings and correlation with small angle neutron scattering[END_REF][START_REF] Fowler | Inspecting thermal sprayed coatings[END_REF][START_REF] Zhao | Investigation of interfacial properties of atmospheric plasma sprayed thermal barrier coatings with four-point bending and computed tomography technique[END_REF][START_REF] Tan | Optimizing Compliance and Thermal Conductivity of Plasma Sprayed Thermal Barrier Coatings via Controlled Powders and Processing Strategies[END_REF]. In the present study, image analysis (IA) has been employed because it presents several advantages compared to the other techniques, like cost-effectiveness and easiness of application while allowing differentiating various types of pores and cracks. Although it only requires a couple of images per coating, IA was statistically tested to give a 95 % confidence level regarding the specific experiments and metallographic preparation in the study performed by Fowler and coll. [START_REF] Fowler | Inspecting thermal sprayed coatings[END_REF]. Desphande et al. also showed IA to be a reliable method for characterization of porosity in thermally sprayed coatings by comparing the results of IA with those obtained by CMT and SANS [START_REF] Deshpande | Application of image analysis for characterization of porosity in thermal spray coatings and correlation with small angle neutron scattering[END_REF].

In addition, numerous studies have focused on the impact of time and temperature that result in modifications of the structure of PS TBCs, and on the associated relative changes of thermo-physical properties [START_REF] Tan | Optimizing Compliance and Thermal Conductivity of Plasma Sprayed Thermal Barrier Coatings via Controlled Powders and Processing Strategies[END_REF][START_REF] Cernushi | Studies of the sintering kinetics of thick thermal barrier coatings by thermal diffusivity measurements[END_REF][START_REF] Tan | Effect of the Starting Microstructure on the Thermal Properties of As-Sprayed and Thermally Exposed Plasma-Sprayed YSZ Coatings[END_REF][START_REF] Curry | Evaluation of the Lifetime and Thermal Conductivity of Dysprosia-Stabilized Thermal Barrier Coating Systems[END_REF]. For instance, Cernushi et al. examined the sintering kinetics of different coatings elaborated by varying the process parameters and measured the resulting changes in thermal diffusivity till 200°C [START_REF] Cernushi | Studies of the sintering kinetics of thick thermal barrier coatings by thermal diffusivity measurements[END_REF]. Tan and coll. investigated the evolution of the starting microstructures as a function of different annealing conditions with the aim of finding a correlation between the sintering behavior and the thermal conductivity of these coatings [START_REF] Tan | Optimizing Compliance and Thermal Conductivity of Plasma Sprayed Thermal Barrier Coatings via Controlled Powders and Processing Strategies[END_REF][START_REF] Tan | Effect of the Starting Microstructure on the Thermal Properties of As-Sprayed and Thermally Exposed Plasma-Sprayed YSZ Coatings[END_REF]. However, many of these studies have only focused on the ceramic coating itself while the evolutions of the other components of the thermal barrier coating system have been neglected. For instance, the development of the thermally grown oxide (TGO) and the growth of cracks in the ceramic due to thermal cycling may also play a role in the overall protection potential of TBCs. Therefore, the present study intends to unveil the relationships between the evolution of the microstructure of full thermal barrier coatings with temperature and the resulting thermal diffusivity. The work is focused on thermally-sprayed coatings in the as-deposited conditions, aged in the laboratory at high temperature and aged in service conditions (i.e. engine-run).

Experimental

Coatings of the study

The coatings considered in this study were produced by Safran Aircraft Engines (France) and by SR Technics Airfoil Services (Ireland) on different substrates (AM1, Haynes 188 or Inconel 600) by atmospheric plasma spray (APS) deposition technique and are listed in Table 1. For all the samples, MCrAlY bond coatings were deposited prior to YSZ ceramic coatings. The deflector-APS (DFL_APS), combustion chamber-APS (CC_APS) and injector-APS (INJ_APS) samples (10 x 10 mm 2 ) were cut from aeronautical engine parts while the laboratory samples were made using metallic plates as substrates for coating deposition and cut afterwards (DFL: deflectors, CC: combustion chamber, INJ: injectors). The CC_APS and INJ_APS samples were cut from serviced components of the combustion chamber and injectors, respectively. The IN_APS samples were used for the thermal ageing tests because of their greater availability.

Isothermal heat treatments were performed in air at 1100°C on freestanding coatings and full samples for 50, 150, 250 and 500 h. The freestanding coatings were obtained by chemically dissolving the oxide interface between the bond coating and the YSZ TBC in a 20 vol.% HCl solution. Full IN_APS samples were also thermally cycled in a rig for 50, 100, 250 and 500 cycles of 1h at 1100°C in air followed by forced air cooling for 15 min. The cycling temperature of 1100°C was chosen as it is close to the working temperatures of most YSZ plasma coatings and because the phase change for YSZ is not significant below 1200°C [START_REF] Miller | Phase stability in plasma-sprayed, partially stabilized zirconia-yttria[END_REF].

Microstructural analysis of the coatings

The microstructural changes were investigated in polished cross-sections with 1 µm diamond paste. A FEI Quanta 200F scanning electron microscope (SEM) was employed to get backscattered electrons images at x1000 magnification. At least 15 images per coating were then processed using ImageJ software and porosity levels were calculated from the binary images obtained. IA additionally allows differentiating between coarse pores (often arising from the lack of complete filling due to harsh processing parameters [START_REF] Bobzin | Modeling and simulation of microstructure formation for porosity prediction in thermal barrier coatings under air plasma spraying condition[END_REF]) and the thin porous network, composed of the microcracks (associated with the relief of quenching stresses) and interlamellar pores (result of the splat-based coating build-up), which is of major interest as these two types of categories exhibit different heat transport behaviors. In order to classify the different types of pores regarding their potential for heat transport reduction, discrimination criteria that comprise the aspect ratio of the pores and their orientation with respect to the heat flux were generally employed [START_REF] Cernuschi | Thermophysical, mechanical and microstructural characterization of aged free-standing plasma sprayed zirconia coatings[END_REF][START_REF] Tan | Modeling Thermal Conductivity of Thermal Spray Coatings: Comparing Predictions to Experiments[END_REF]. However, in this study, the thin pores (micro-cracks and interlamellar pores) were integrated as a single porosity level, regardless of their orientation. This "lamellar" porosity level was separated from the total porosity measured by a closing treatment on the binary image of the pores which dimensions fall below 1 µm. The microstructure and the composition were also characterized using energy dispersive spectrometry (EDS/EDAX coupled to the SEM), Raman micro-spectrometry (Jobin Yvon LabRam HR800, λlaser 632nm) and X-ray diffraction (XRD, Brüker AXS D8 Advance) using the λCu in θ-2θ mode. Note that some diffraction peaks have not been indexed as they are due to tungsten pollution (WLα radiation) of the support of the Cu target that duplicates the peaks at a different angle.

Determination of the thermal insulation ability

Thermal conductivity is usually employed in the literature to determine the thermal insulation power of thermal barrier coatings and can be calculated from the thermal diffusivity (α), the density (ρ) and the specific heat capacity of the material (Cp) following (eq. ( 1)):

λ = 𝛼 × 𝜌 × 𝐶 𝑝 (1) 
Although the laser-flash technique can be applied to determine the thermal conductivity of both freestanding coatings and multi-layer samples, the thermal conductivity values have to be carefully considered. As a matter of fact, deviations in thermal diffusivity may arise from the method itself due to the different input parameters required for its determination as well as errors inherent to the intrinsic properties of the material or the complexity of the measured samples. Additionally, imprecise knowledge of the density and specific heat capacity as a function of the temperature can also increase the error in the calculated thermal conductivity values. Therefore, it is more accurate to discuss the thermal properties (ρ, Cp and α) separately, thus the thermal diffusivity data will be preferred for the comparison of the thermal insulation properties of the different substrate and coating materials of this study.

The thermal diffusivity was determined using high-temperature laser-flash measurements with a Linseis LFA1600 apparatus at low pressure (1.10 -2 mbar) every 100°C between room temperature and 1100°C. Three samples per type of coating were analyzed with five separate laser shots per sample at each temperature to increase accuracy of the results. In the particular case of as-deposited coating samples, the measurements were carried out a second time as significant sintering occurred during the first measurement.

This phenomenon has been previously reported in the literature on similar YSZ TBCs [START_REF] Cernushi | Studies of the sintering kinetics of thick thermal barrier coatings by thermal diffusivity measurements[END_REF][START_REF] Tan | Effect of the Starting Microstructure on the Thermal Properties of As-Sprayed and Thermally Exposed Plasma-Sprayed YSZ Coatings[END_REF][START_REF] Rätzer-Scheibe | The effects of heat treatment and gas atmosphere on the thermal conductivity of APS and EB-PVD PYSZ thermal barrier coatings[END_REF]. After the second measurement, the thermal diffusivity was observed to be stable.

For multilayer calculation, the thermal diffusivities of the different substrates were measured. For the substrate of the samples aged in isothermal and cyclic conditions (Inconel 600), thermal diffusivities were compared before and after ageing at 1100°C in air for 500 h. Similarly, the thermal diffusivity of the MCrAlY bond coatings was measured via the laser-flash technique. Since the thickness of the MCrAlY coatings is smaller than that of the superalloy substrate and their thermal diffusivity values are equivalent, a 2-layer model (YSZ and bond coat + substrate) was employed rather than the 3-layer model (YSZ, bond coat and substrate) to assess the thermal diffusivity of the full thermal barrier coating systems.

Prior to the measurements with the laser flash, the thicknesses of the freestanding coatings and of the multilayer samples were accurately determined (10 -3 mm) with a digital caliper. All samples were then coated on both sides with a 4-5 µm graphite layer to increase the absorption of the laser pulse at the rear surface as well as the emissivity of the heat signal for the measurement by the InSb infrared detector on the front face of the sample. For multilayer calculations, thicknesses of the layers were measured on the crosssection's images for a better accuracy of the computed values.

Results

Structure of as-received coatings

As-deposited coatings

The as-deposited coatings listed in Table 1 present a wide variety of microstructures according to the SEM cross-sections of Figure 1. Three main layers (ceramic top coating, intermediate bond coating and substrate at the bottom) can be observed in Figure 1a to 1e. The different thicknesses of the coating layers are given in Table 1. A large thickness range and huge differences of thickness ratios between the ceramic and the bond coating layers can be noted. For instance, the AM1_APS2 sample has a 430 µm ceramic layer with only 15 µm of NiCrAlY bond coating (Figure 1b) while AM1_APS1 shows a 110 µm ceramic layer with 40 µm of NiCrAlY bond coating (Figure 1a). It is also observed that due to the roughness of the plasma-sprayed coatings, standard deviations to the measured thickness were significantly high compared to the thickness of the thinner coatings, i.e. 10 % error on the coating thickness for AM1_APS1 (Table 1).

At greater magnifications (Figure 1f to 1j) the ceramic layers also exhibit significant differences of density, type of defects and pores. While DFL_APS ceramic coating shows a high level of interlamellar porosity (Figure 1c), coatings from IN_APS samples (Figure 1i) exhibit a more significant concentration of large defects (macro-pores). In contrast, the "micro-cracked" coating (AM1_APSmf) (Figure 1e The XRD of the coatings (Figure 3) shows that all the as-deposited coatings exhibit the tetragonal structure of the zirconia. Only the IN_APS coatings additionally show some peaks of the monoclinic structure of the zirconia. The samples taken from a combustion chamber (CC_APS) (Figure 5) appear more degraded than INJ-APS. In addition to the oxidation of the bond coating, Ni-Cr-Al mixed oxide particles are embedded in the YSZ ceramic layer (Figure 5a). Also, corroded zones are observed where Si, Ca and Al were detected via EDS (Figure 5b). The XRD pattern for this coating (Figure 3) points out the monoclinic phase of zirconia along with the tetragonal one. Moreover, the different defects that can be seen on Figure 5 were analyzed by Raman micro-spectrometry (Table 2). The zone of the Ni-Cr-Al mixed oxide of Figure 5a exhibits some of the characteristic peaks of monoclinic phase of zirconia. The other missing peaks could not be clearly identified as the Raman signal was blurred by other species that could not be identified either. For the corroded zone of Figure 5b, all the peaks correspond to the only monoclinic phase. The lamellar and the coarse porosity levels were measured to be of 13 % and 10 %, respectively (Figure 2). 
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Thermal diffusivity of as-received coatings

The thermal diffusivity of the different coatings is plotted as a function of the temperature on Figure 6. All the coatings follow a similar tendency with the evolution of the temperature. The coating from AM1_APSmf, which is the thinnest one (90 µm, Table 1) with the smallest porosity level, presents the higher thermal diffusivity. At high temperature, this coating displays values of about 3.10 -3 cm 2 .s -1 , while all the other standard coatings thermal diffusivities are comprised between 1.10 -3 and 2.10 -3 cm 2 .s -1 .

INJ_APS and DFL_APS have the highest levels of lamellar porosity and show the lowest values of thermal diffusivity.

Figure 6 -Initial thermal diffusivity as a function of temperature for the as-received coatings.

To highlight the effect of the lamellar porosity level, the thermal diffusivity measured at room temperature and at 1100°C is plotted as a function of the porosity level of the different coatings on Figure 7. The thermal diffusivity values for both temperatures are observed to decrease in a linear way with the increase of lamellar porosity. The slope of the linear relationship between the thermal diffusivity and porosity is smaller at 1100°C than at room temperature, which indicates that the dependence of thermal diffusivity on porosity is reduced at high temperature. In contrast, the CC-APS and AM1-APSmf coatings deviate from such linear relationship by exhibiting higher thermal diffusivity values. The microstructures of the thermal barrier systems of the IN-APS samples are respectively presented, after isothermal ageing at 1100°C for 50, 150, 250 and 500 h, on Figure 8. The oxide scale at the interface bond coat/ceramic layer significantly grew between 50 h and 150 h of exposure. After 250 h of exposure, the interface between the substrate and the bond coating appeared oxidized. After 500 h, oxidation also occurred at the grain boundaries of the substrate. In addition, sintering of the lamellar pores of the ceramic increased with oxidation time, while long cracks had already developed after 50h of exposure only.

Figure 9 shows the same samples after thermal cycling in air at 1100°C for duration equivalent to those of isothermal exposure (50, 100, 250 and 500 cycles). Compared to the isothermal exposures, the oxide scale grew faster at the bond coat interface. Indeed, the oxide scale is after 50 cycles as thick as the one observed after 150h of isothermal exposure. Also, thick cracks have developed near the interface between the bond coating and the ceramic. After 250 cycles, delamination of the ceramic coating occurred and huge cracks going through the whole thickness were found. The self-standing ceramic coatings were also isothermally exposed to 1100°C to substantiate their contribution to the thermal transport properties in the whole system. Figure 11a gathers the lamellar and coarse porosities as a function of ageing condition while Figure 11b displays the evolution of the relative lamellar porosity of the full systems and of the self-standing coatings with exposure time. The evolution of the total porosity could not be clearly defined due to significant variations of the coarse porosity levels.

NB: YSZ = ceramic; BC = bond coating; S = substrate; O= oxides; OGB = oxidized grain boundaries

However, the lamellar porosity clearly decreased with exposure time at 1100°C irrespective of the isothermal or cyclic regime. The drop is more marked upon the first 100 h of exposure, then it tends to slow down to reach about 25 % and 30 % less lamellar porosity, compared to the initial coatings, after 500 h of isothermal and cyclic exposures, respectively. Sintering is more pronounced in the thermally cycled samples than in the isothermally exposed ones. The evolution of porosity of the self-standing coating with isothermal exposure is, however, not very even. 

Thermal diffusivity

Figure 12a shows the evolution with temperature of the thermal diffusivity of the self-standing coatings in the as-deposited condition and after ageing at 1100°C for different times. At every temperature, all the aged coatings exhibit thermal diffusivities much greater than the as-deposited ones. With increasing ageing, the self-standing coatings exhibited slightly lower thermal diffusivity values than those observed after 50 h of exposure. This can be clearly observed (Figure 12b) when plotting the evolution of the relative thermal diffusivity with ageing time. The thermal diffusivity approximately increases of 40 % between the as-deposited and the 50-h aged coatings. Then, the diffusivity slightly increases till 150h, drops (250 h) and finally stabilizes (500 h). The difference of thermal diffusivity between the as-deposited and the aged coatings tends to decrease at high temperature (above 800°C). The evolution of thermal diffusivity of the as-deposited and the aged full TBCs with temperature is shown on Figure 13a. Like with the self-standing coatings and irrespective of the temperature of measurement, the thermal diffusivity increases between the as-deposited and the aged coatings, in particular under isothermal exposures. However, the full TBCs exhibit lower thermal diffusivity values ( 3.10 -3 cm 2 .s -1 ) than the self-standing coatings ( 4.10 -3 cm 2 .s -1 ). The thermal diffusivity values are greater for the coatings aged under cyclic conditions than for the as-deposited ones, but are lower than the ones for isothermally oxidized coatings. Also, the cycled coatings exhibit similar values either after 50 cycles or 100 cycles.The rise of thermal diffusivity with isothermal ageing time is also depicted in Figure 13b. At 1100°C the thermal diffusivity reaches a maximum of approximately 40 %, which represents twice the increase observed for the self-standing coating at the same temperature. However, when measured at room temperature, the thermal diffusivity reaches an increase of 70 % after 500 h of isothermal exposure. 

Discussion

Effect of starting microstructure on thermal transport properties

The microstructures of the as-deposited ceramic coatings elaborated by the same manufacturer and with the same "standard" designation (AM1_APS1, AM1_APS2 and DFL_APS) exhibit significant differences. This can be related to the APS parameters for which small variations have been demonstrated

to vary the coarse and lamellar porosities [START_REF] Tan | Optimizing Compliance and Thermal Conductivity of Plasma Sprayed Thermal Barrier Coatings via Controlled Powders and Processing Strategies[END_REF][START_REF] Tan | Effect of the Starting Microstructure on the Thermal Properties of As-Sprayed and Thermally Exposed Plasma-Sprayed YSZ Coatings[END_REF][START_REF] Curry | Evaluation of the Lifetime and Thermal Conductivity of Dysprosia-Stabilized Thermal Barrier Coating Systems[END_REF][START_REF] Rätzer-Scheibe | The effects of heat treatment and gas atmosphere on the thermal conductivity of APS and EB-PVD PYSZ thermal barrier coatings[END_REF]. In the one hand, harsh spray parameters increase the number of stacking faults between the splats, resulting in the growth of the coarse porosity level (e.g.

IN_APS samples exhibit a coarse porosity level equal to the half of its total porosity). On the other hand, a good combination of the parameters leads to the building of thin splats that hence raise the concentration of inter-lamellar interfaces through the whole coating (e.g. DFL_APS which lamellar porosity level represents more than 75 % of its total porosity). Regarding the literature, the different measured levels of total porosity of plasma-sprayed coatings are in agreement with the one observed in this work. However, due to differences in the criterion that differentiate globular voids and lamellar pores, the lamellar levels in this work (⁓12-15%) are quite higher than the one found in the literature (⁓7-8%) [START_REF] Cernuschi | Microstructural Characterization of Porous Thermal Barrier Coatings by IR gas porosimetry and sintering forecasts[END_REF][START_REF] Cernuschi | Thermo-physical properties of as deposited and aged Thermal Barrier Coatings (TBC) for Gas turbines: state-of-the art and advanced TBCs[END_REF]. One shall note that the levels of porosity may depend on the image threshold limit fixed by the operator as well as the discrimination criteria used to separate the different types pores. Thus the given values must be considered carefully when trying to compare with the ones found in the literature. In addition, inclusions of metallic impurities (that may result from the removal of the upper MCrAlY splats of the bond coat upon collision of the YSZ particles) have been found in some ceramic coatings (especially in IN_APS coatings). Thus the coarse porosity level of polluted coatings may be slightly overestimated as such impurities may be included in the calculation.

Interlamellar pores are reported in the literature as the major microstructural feature that reduces the thermal transport properties of PS TBCs. Indeed, Lu and coll. showed via finite element model that splat interfaces were responsible for 45 % of the reduction of the thermal conductivity in through-thickness direction while pores were responsible for 24 % [START_REF] Lu | Anisotropic effect of splat interface on thermal conductivity of plasma sprayed YSZ coating[END_REF]. Experimental studies also showed a linear relationship between porosity and thermal conductivity [START_REF] Chi | Microstructure-Thermal Conductivity Relationships for Plasma-Sprayed Yttria-Stabilized Zirconia Coatings[END_REF][START_REF] Torkashvand | Experimental and numerical study of thermal conductivity of plasma-sprayed thermal barrier coatings with random distributions of pores[END_REF]. A similar dependence between thermal diffusivity and lamellar porosity was found in this study (Figure 7). However, this linearity is only observed because the microstructures of the coatings studied are similar, other studies demonstrated that when different porosity range and aspect are considered, the linearity could not be observed [START_REF] Chi | Microstructure-Thermal Conductivity Relationships for Plasma-Sprayed Yttria-Stabilized Zirconia Coatings[END_REF]. When looking at models for thermal diffusivity estimation, the relation between the microstructure and the heat transport properties is significantly more complex and do take into account the orientation and shape factors, e.g.

Bruggeman model [START_REF] Cernuschi | Microstructural Characterization of Porous Thermal Barrier Coatings by IR gas porosimetry and sintering forecasts[END_REF][START_REF] Schulz | Thermal conductivity of porous and highly porous materials[END_REF]. Therefore, the slight variations to the linearity of the different coatings could also be explained by the fact that the porosity levels in this study did not consider those details. Also, the impact of lamellar porosity on the thermal diffusivity of the coatings is more pronounced at room temperature than at 1100°C. This can be explained by the fact that, when temperature increases, the impact of the scattering by the micro-defects becomes less significant, hence leading to the flattening of the evolution at 1100°C [START_REF] Pawlowski | Thermal Transport Properties of Thermally Sprayed Coating[END_REF][START_REF] Golosnoy | Heat Transfer Through Plasma-Sprayed Thermal Barrier Coatings in Gas Turbines: A Review of Recent Work[END_REF].

Moreover, the fact that the AM1_APSmf microcracked coatings exhibit thermal diffusivities slightly above the observed trend may be attributed to the very low level of coarse porosity, as it was shown that larger pores also have an impact on the reduction of thermal transport. In addition, the inter-lamellar interfaces of the "micro-cracked" coating are thinner than the ones of other standard coatings (see Figure 1), which would lead to a better contact between the splats and hence to a relatively higher heat conduction through the ceramic.

However, although CC_APS coating exhibits lamellar and coarse porosity levels similar to that of the as-deposited AM1_APS1 and AM1_APS2 coatings, its thermal diffusivity is slightly above the expected trend. This means that the transformations that occurred upon ageing are to be considered in addition to the porosity, which will be discussed in the next section.

Effect of ageing 4.2.1. Effect of impurities in the ceramic coating

The degradation of the ceramic YSZ coating may be responsible for the high thermal diffusivity values of the engine-run CC_APS samples displayed in Figure 6. Since the level of lamellar and coarse porosity is equivalent between the as-received and the engine-run coatings, the increase of thermal diffusivity can be ascribed to the impurities observed in Figure 5. On the one hand, the mixed Ni, Al and Cr oxides of (Figure 5a), resulting from the oxidation of the bond coat particles incorporated in the ceramic coating, are believed to fill in gaps and pores of the YSZ coating. On the other hand, the corroded zone (Figure 5b) associated with the siliceous composition identified by EDS and the full monoclinic phase identified via Raman (Table 2) indicates that CMAS (calcium, magnesium, aluminum silicates) corrosion occurred. This phenomenon starts at temperatures above 1200°C and leads to a destabilization of the YSZ material via a dissolution-reprecipitation process [START_REF] Levi | Environmental degradation of thermal-barrier coatings by molten deposits[END_REF][START_REF] Stott | Degradation of thermal-barrier coatings at very high temperatures[END_REF][START_REF] Krämer | Thermochemical interaction of thermal barrier coatings with molten CaO-MgO-Al2O3-SiO2 (CMAS) deposits[END_REF] which usually comes with the sintering of the surrounding porous network. The destabilization of the so-called non-transformable tetragonal phase of the YSZ material results in the formation of a mix of Y-depleted monoclinic phased zirconia together with an amorphous Y-enriched siliceous glass. The monoclinic phase of zirconia has a higher thermal conductivity (5.4 W.m -1 .K -1 ) than its tetragonal counterpart (2.8 W.m -1 .K -1 ) [START_REF] Trice | Effect of heat treatment on phase stability, microstructure, and thermal conductivity of plasmasprayed YSZ[END_REF]. Therefore, the combination of the YSZ transformation with local sintering of the coating due to the glassy melt can also contribute to the observed increase of heat transport. Compared to the oxide impurities, the CMAS corrosion mechanism may be the main factor leading to the high values of thermal diffusivity observed for CC_APS samples. This hypothesis might be in agreement with the work of Levi and coll. who showed that fully CMAS infiltrated PS YSZ TBCs exhibit about 110 % increase of the thermal conductivity compared to the initial coating [START_REF] Kakuda | The thermal behavior of CMAS-infiltrated thermal barrier coatings[END_REF][START_REF] Wu | Microstructure and thermo-physical properties of yttria stabilized zirconia coatings with CMAS deposits[END_REF].

Sintering and bond coating oxidation

The evolution of microstructure in the free-standing YSZ and full TBCs differs with the annealing conditions (isothermal and cyclic exposure) in air at 1100°C. Compared to the as-received conditions, the free-standing coatings developed many cracks associated with the thermal shocks when the samples were removed from the isothermal hot furnace. Although such cracks may contribute to the experimental error in the determination of the porosity, it clearly appeared that sintering of the pores upon the first exposure times had a predominant effect in the decrease of the relative lamellar porosity (Figure 11).

The ageing of the full TBC systems resulted in the significant oxidation of the bond coating material to form a complex oxide scale (Figure 9) as well as in the formation of multiple cracks parallel to the surface near the bond coating interface (Figures 8 and10). The formation of such oxide scale is welldescribed by Hu et al. who showed that Al2O3, Y3Al5O12 (YAG), NiCr2O4 and NiO were successively formed at the YSZ/NiCrAlY interface at 1050°C in air [START_REF] Hua | YSZ/NiCrAlY interface oxidation of APS thermal barrier coatings[END_REF]. Moreover, the formation of the cracks that led to spallation of the YSZ coating (Figure 10) was also reported when TBC systems with HVOF bond coatings were aged under similar cyclic exposure at 1100°C [START_REF] Curry | Evaluation of the Lifetime and Thermal Conductivity of Dysprosia-Stabilized Thermal Barrier Coating Systems[END_REF]. This failure mechanism was described by Evans and was observed for similar rough and wavy surfaces of the bond coatings [START_REF] Evans | Oxidation Failure of TBC Systems: An Assessment of Mechanisms[END_REF]. Moreover, the drop of the lamellar porosity that is more pronounced in the cycled samples than in the isothermally aged ones (Figure 11) was ascribed to compression stresses generated upon cycling that accelerate the rates of sintering and stiffening [START_REF] Thompson | The Effect of Heat Treatment on the Stiffness of Zirconia Top Coats in Plasma-Sprayed TBCs[END_REF][START_REF] Tsipas | The Effect of a High Thermal Gradient on Sintering and Stiffening in the Top Coat of a Thermal Barrier Coating System[END_REF]. Despite the different microstructural evolution with the two types of ageing on the full and self-standing coatings, the decrease of the lamellar porosity is initially sharper then tends to decrease with the annealing time (Figure 11). This behavior is well-known for PS-YSZ ceramics and is related to the closure of interlamellar pores and cracks, healing of intra-splats micro-cracks and transformation of cracks into globular pores [START_REF] Trice | Effect of heat treatment on phase stability, microstructure, and thermal conductivity of plasmasprayed YSZ[END_REF][START_REF] Ilavsky | Evolution of the Void Structure in Plasma-Sprayed YSZ Deposits During Heating[END_REF][START_REF] Allen | Microstructural Characterization of Yttria-stabilized Zirconia Plasma-Sprayed Deposits Using Multiple Small-Angle Neutron Scattering[END_REF][START_REF] Anderson | Effect of Isothermal Heat Treatment on Plasma-Sprayed Yttria-Stabilized Zirconia Studied by Impedance Spectroscopy[END_REF][START_REF] Paul | Effects of Impurity Content on the Sintering Characteristics of Plasma-Sprayed Zirconia[END_REF].

The ageing at such high temperature usually provokes necking and connections are formed between the splats, enhancing the heat flow via bridge funneling from splat to splat that should result in increased thermal diffusivity [START_REF] Golosnoy | Heat Transfer Through Plasma-Sprayed Thermal Barrier Coatings in Gas Turbines: A Review of Recent Work[END_REF]. This is indeed observed in our self-standing (Figure 12b) and full TBCs (Figure 13b). The resulting 40% increase in the relative thermal diffusivity of both types of coatings was also presented by Cernushi et al. with an equivalent 40.3% relative thermal diffusivity increase for laser-flash measurements at 200°C of thick PS YSZ self-standing coatings after isothermal exposure at 1100°C in air for 94h [START_REF] Cernushi | Studies of the sintering kinetics of thick thermal barrier coatings by thermal diffusivity measurements[END_REF]. Similar raises in thermal conductivity were observed in previous works for PS YSZ self-standing coatings aged in the same conditions [START_REF] Tan | Effect of the Starting Microstructure on the Thermal Properties of As-Sprayed and Thermally Exposed Plasma-Sprayed YSZ Coatings[END_REF][START_REF] Chi | Microstructure-Thermal Conductivity Relationships for Plasma-Sprayed Yttria-Stabilized Zirconia Coatings[END_REF]. The increase of thermal diffusivity is lower for the cycled full TBC samples than for the isothermally aged samples (see Figure 13a) despite the fewer lamellar porosity in the former (Figure 11). As indicated above, cycling introduces competitive oxidation and cracking [START_REF] Curry | Evaluation of the Lifetime and Thermal Conductivity of Dysprosia-Stabilized Thermal Barrier Coating Systems[END_REF][START_REF] Evans | Oxidation Failure of TBC Systems: An Assessment of Mechanisms[END_REF] with sintering [START_REF] Thompson | The Effect of Heat Treatment on the Stiffness of Zirconia Top Coats in Plasma-Sprayed TBCs[END_REF][START_REF] Tsipas | The Effect of a High Thermal Gradient on Sintering and Stiffening in the Top Coat of a Thermal Barrier Coating System[END_REF]. The thick cracks (see Figure 9) may contribute to reduce the thermal conductivity by generating new pores in which gas conduction will lead heat transport [START_REF] Golosnoy | Heat Transfer Through Plasma-Sprayed Thermal Barrier Coatings in Gas Turbines: A Review of Recent Work[END_REF], while a thick oxide scale may add significant thermal transport resistance because the thermal conductivity of the oxides is much lower than that of the MCrAlY bond coat [START_REF] Kingery | Thermal Conductivity: X, Data for Several Pure Oxide Materials Corrected to Zero Porosity[END_REF][START_REF] Moskal | Thermal Diffusivity Characterization of Bond-Coat Materials Used for Thermal Barrier Coatings[END_REF] and the pores or micro-cracks in the oxide layer perpendicular to the heat flow further reduce the heat transport. However, the oxide scale was not computed for the calculation of the thermal diffusivity in the multilayer model. Consequently, the thermal diffusivity values of the cycled samples may be underestimated compared to the isothermally aged ones whose oxide layer was thinner and displayed less cracks. However, the role of the TGO may be disregarded when considering the similar increasing trend of the thermal diffusivity with annealing time of the selfstanding coatings and the full TBCs. Indeed, there was barely any oxidation in the former and only the competitive cracking and sintering of the ceramic can be responsible for such evolution of the thermal diffusivity.

Crossed comparison of thermal diffusivity results

Significant differences have been observed between the thermal diffusivity values of the self-standing coatings and those of the full TBCs (Figures 12a and13a). The self-standing coatings possess about 30 % higher values of thermal diffusivity than the coatings of the full TBC systems. In addition, the evolution of thermal diffusivity with annealing time and temperature of the laser-flash measurement differs between the two types of coatings (Figures 12b and13b). At room temperature, the thermal conductivity of the full TBCs tended to increase continuously with time while it increased and then stabilized in the free-standing ceramic coatings. Similar phenomena occurred for the high temperature aged coatings but the differences with respect ageing time were less marked. Since the thermal diffusivity of the substrate was not modified with the annealing time and temperature (see 2.3), the reasons for the differences in increased thermal diffusivity can be explained on the basis of different aspects including the evolution of main defects (pores and cracks), oxidation and the inherent method of laser flash. The effects of the defects and of oxidation have been discussed above. As for the laser-flash method, it is known that the thin ceramic coatings are more subject to deviations due to radiation, whereas thicker samples are more subject to heat loss effects [START_REF]Standard Test Method for Thermal Diffusivity by the Flash Method[END_REF], which also contribute to the difference of thermal diffusivity between the free-standing and the full TBCs.

Conclusions

The effect of the microstructure of the insulating ceramic, as well as the role of the transformations that plasma-sprayed thermal barrier coating systems can endure through ageing, have been correlated with the changes in thermal transport properties through the measurement of thermal diffusivity by the laser-flash technique. Thin cracks and lamellar porosities were confirmed to be the main contributors to the reduction of thermal conduction in studied coatings. Nevertheless, the role of coarse porosity was also shown to be significant regarding the "micro-cracked" coating and the effect of cracks in the case of cycled samples.

The transformations related to CMAS corrosion found in the aged coatings of the combustion chamber also increased the thermal diffusivity.

Sintering of the coatings during thermal exposure (ageing and laser flash measurements) was also confirmed to reduce the lamellar porosity rate, hence leading to an increase in heat conduction. However, due to the oxidation of the bond coating and the formation of cracks, a compensation of the sintering effect was observed when studying the complete thermal barrier coating system through multilayer calculation of the thermal diffusivity.

Figure 1

 1 Figure1a, b, c, d and eare SEM micrographs of the cross-sections of the as-deposited AM1_APS1, AM1_APS2, DFL_APS, IN_APS and AM1_APSmf samples respectively and f, g, h, i and j are the corresponding higher magnifications of the ceramic coatings.

Figure 2

 2 Figure2gathers the porosity levels of the as-deposited ceramic coatings. The total porosity of the standard APS YSZ is comprised between 20 % and 25 % while that of the microcracked AM1_APSmf is of about 11 %. However, the level of the different types of porosity ("coarse" and "lamellar") is clearly different among the coatings as observed in Figure1. Indeed, although the total porosity of IN_APS and of DFL_APS is around 22 %, their lamellar porosity is, respectively, of 11 % and 16 %. In contrast, their coarse porosity is of 11 % and 6 %. The denser AM1_APSmf coatings exhibit a very small coarse porosity level of about 2 % and a lamellar porosity level of around 9 %.

Figure 2 -

 2 Figure 2 -Initial porosity levels of the coatings of the study.

Figure 3 -

 3 Figure 3 -XRD patterns of the as-received plasma-sprayed coatings.

Figure 4 Figure 4 -

 44 Figure 4 presents the SEM cross-section of a coating after service in the injectors of an aeronautical engine (INJ_APS). This thick coating does not seem significantly damaged apart from the oxidation of the bond coating Figure 4b. The lamellar porosity of the ceramic layer appears quite large (17.5 %) comparedto the coarse porosity level (7 %) and very few impurities can be observed (Figure2and Figure4a). The diffraction pattern of Figure3shows no monoclinic phase for this coating and only displays the peaks of the tetragonal phase of zirconia.

Figure 5 -

 5 Figure 5 -Cross-sections of the CC_APS sample with a and b being higher magnifications of degradations of the ceramic by metal oxide inclusion and molten silicates corrosion, respectively.

Figure 7 -

 7 Figure[START_REF] Golosnoy | Heat Transfer Through Plasma-Sprayed Thermal Barrier Coatings in Gas Turbines: A Review of Recent Work[END_REF] -Thermal diffusivity at room temperature and 1100°C of the as-received coatings against lamellar porosity level.

Figure 8 -Figure 9 -

 89 Figure 8 -SEM micrographs of the cross-sections of the IN_APS samples isothermally treated at 1100°C in air for (a) 50, (b) 150, (c) 250 and (d) 500 h.

Figure 10a and 10bFigure 10 -

 10 Figure10aand 10b show the oxide scale developed at the interface between the bond coating and the YSZ of the samples after, respectively, 50 h of isothermal exposure and 50 cycles. In both cases, a complex oxide layer (Ni, Cr, Al were detected via EDS) can be observed on top of an alumina scale. However, while a thick alumina scale is observed for the isothermally aged samples, the one of the cycled samples is rather thin and discontinuous.

Figure 11 -

 11 Figure 11 -(a) Porosity levels measured for isothermally and cyclically aged IN_APS samples and (b) the associated relative lamellar porosity as a function of heat treatment time.

Figure 12 -

 12 Figure[START_REF] Deshpande | Application of image analysis for characterization of porosity in thermal spray coatings and correlation with small angle neutron scattering[END_REF] a) Thermal diffusivity as a function of the temperature and b) relative thermal diffusivity as a function of heat treatment time for the freestanding coatings before and after isothermal ageing at 1100°C.

Figure 13 -

 13 Figure 13a) Thermal diffusivity as a function of temperature of the full TBC systems on IN_APS samples before and after ageing at 1100°C in air under isothermal and cyclic conditions and b) relative thermal diffusivity as a function of heat treatment time only for the isothermally aged TBC systems.

  

Table 1 -

 1 Samples of the study

	Sample	Type	Substrate	Bond coating	Ceramic coating
	AM1_APS1	lab sample,	AM1	NiCrAlY HVOF,	APS YSZ; feedstock METCO 204 NS-G
		as-deposited		40 ±12 µm	110 ±7 µm
	AM1_APS2	lab sample,	AM1	NiCrAlY HVOF,	APS YSZ; feedstock METCO 204 NS-G
		as-deposited		15 ±5 µm	430 ±15 µm
	DFL_APS	deflector,	Haynes 188	NiCoCrAlY HVOF,	APS YSZ; feedstock METCO 204 NS-G
		as-deposited		130 ±9 µm	330 ±12 µm
	IN_APS	lab sample,	Inconel 600	NiCrAlY HVOF,	APS YSZ; feedstock PRAXAIR ZRO-
		as-deposited		72 ±5 µm	113/114; 230 ±10 µm
	AM1_APSmf	lab sample,	AM1	NiCrAlY HVOF,	APS YSZ; feedstock SPM 2000
		as-deposited		15 ±7 µm	90 ±9 µm
	CC_APS	combustion	Haynes 188	NiCoCrAlY, HVOF,	APS YSZ; feedstock METCO 204 NS-G
		chamber, aged		135 ±8 µm	190 ±6 µm
	INJ_APS	Injectors, aged Haynes 188	NiCoCrAlY, HVOF,	APS YSZ; feedstock METCO 204 NS-G
				70 ±11 µm	450 ±8 µm

Table 2 -

 2 

Raman-tabulated peaks of tetragonal and monoclinic phases spotted in CC_APS sample. *[24] Phase Reference peaks* Experimental peaks YSZ clean spot figure 5a spot figure 5b Tetragonal
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