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The mechanical strength of zirconia layers on Zy-4 substrate is investigated. Different synthesis routes were used to produce zirconia layers of few micrometers thickness. Microstructures and residual stresses were fully characterized. The results of multiple cracking tests show that the distance between cracks, and the deflection applied at cracking initiation depend only on the full layer thickness, but not on the residual stresses and the microstructure either. Using finite element calculations, the strength of layers was determined. A fracture induced by a crack like defect is accurate with the experimental results if the residual stresses state are not taken into account in the model.

Zirconia layers can be deposited on ductile substrate to achieve functional properties, such as thermal, dielectric or optical properties or for mechanical applications when the hardness of the surface has to be increased [START_REF] Bernard | Synthesis, structure, microstructure and mechanical characteristics of OMCVD deposited zirconia films[END_REF]. Zirconia layer can also be the result of zirconium oxidation. This phenomenon is encountered in the nuclear industry since nuclear fuel cladding and other parts are composed of Zr alloys (e.g. [START_REF] Brahurst | The influence of oxide stress on the breakaway oxidation of Zy-2[END_REF][START_REF] Motta | Waterside Corrosion in Zirconium Alloys[END_REF]). Oxidation induces a reduction in cladding thickness and limits the exposition time of this component within the reactor [START_REF] Alam | A review on the clad failure studies[END_REF]. In both cases, deposited layers and thermally grown layers, layer strength is a key property. It can be used in order to design safe-life systems in the first case, and to understand the conditions for developing a protective oxide controlling the corrosion kinetics in the second case. The aim of this paper is therefore to study the mechanical strength of thin layers of zirconia obtained from different synthesis routes.

In the case of zirconia layer, it is well known that zirconia can be either tetragonal or monoclinic, even though at atmospheric pressure, the monoclinic phase is the stable one up to 1170 °C. Tetragonal zirconia can be stabilized by large compressive residual stresses [START_REF] Block | Pressure-Temperature Phase Diagram of Zirconia[END_REF] or when the grains have a size under a critical one [START_REF] Becher | Grain-Size-Dependent Transformation Behavior in Polycrystalline Tetragonal Zirconia[END_REF]. In deposited layers, the volume fraction of tetragonal phase can be large [START_REF] Bernard | Synthesis, structure, microstructure and mechanical characteristics of OMCVD deposited zirconia films[END_REF][START_REF] Benali | Stress driven phase transformation in ZrO2 film[END_REF][START_REF] Benali | Internal stresses and stability of the tetragonal phase in zirconia thin layers deposited by OMCVD[END_REF] up to 100% [START_REF] Chen | Stabilization of the tetragonal phase in large columnar zirconia crystals without incorporating dopants[END_REF]. On the contrary, it is small in layers grown by oxidation of a zirconium substrate and it decreases as the layer thickness increases [START_REF] Pétigny | In situ XRD analysis of the oxide layers formed by oxidation at 743 K on Zircaloy 4 and Zr±1NbO[END_REF]. Thus, the growth conditions of the oxide modify its structural state such as tetragonal zirconia (ZrO2t) -monoclinic zirconia (ZrO2m) ratio and can modify its mechanical strength.

The mechanical strength of a brittle layer on ductile substrate is generally studied through multiple cracking tests. The layer/substrate system is stretched through tensile tests [START_REF] Yanaka | Effects of temperature on the multiple cracking progress of sub-micron thick glass films deposited on a polymer substrate[END_REF][START_REF] Harry | Cracking investigation of W and W(C) films deposited by physical vapor deposition on steel substrates[END_REF] or bending tests [START_REF] Bernard | Mechanical and microstructural characterisation of oxide films[END_REF][START_REF] Fu | Multiple cracking of thin films due to residual stress combined with bending stress[END_REF]: cracks perpendicular to the direction of loading appear; then the number of cracks increases with the applied tensile strain and reaches a maximum number. This step corresponds to the saturation of the multifragmentation phenomenon. The crack spacing at saturation can be measured. The results show that this distance increases with the layer thickness for a wide range of thicknesses [START_REF] Harry | Cracking investigation of W and W(C) films deposited by physical vapor deposition on steel substrates[END_REF][START_REF] Nagl | The tensile failure of Ni oxide scales at ambient and at growth temperatures[END_REF][START_REF] Ganne | Cracking behaviour of PVD tungsten coatings deposited on steel substrates[END_REF][START_REF] Chen | Opening-mode fractures of a brittle coating bonded to an elasto-plastic substrate[END_REF][START_REF] Lambricht | Giant stretchability of thin gold films on rough elastomeric substrates[END_REF]. Decohesion of the layer from the substrate and spalling can also be observed [START_REF] Bernard | Mechanical and microstructural characterisation of oxide films[END_REF][START_REF] Lambricht | Giant stretchability of thin gold films on rough elastomeric substrates[END_REF][START_REF] Evans | Conditions for the initiation of oxide scale cracking and spallation[END_REF][START_REF] Ahmed | Stress evolution and cracking of crystalline diamond thin films on ductile titanium substrate: Analysis by micro-Raman spectroscopy and analytical modelling[END_REF]. This damage stage occurs after the saturation of the multiple cracking phenomenon or interrupts the phenomenon. The strain at cracking initiation is related to the mechanical strength of the layer. Many authors noted the influence of the layer thickness on the strain at crack initiation: this strain is lower for thicker layers [START_REF] Bernoulli | Cohesive and adhesive failure of hard and brittle films on ductile metallic substrates: A film thickness size effect analysis of the model system hydrogenated diamond-like carbon (a-C:H) on Ti substrates[END_REF][START_REF] Nairn | A fracture analysis of multiple cracking in coatings[END_REF][START_REF] Leterrier | Durability of nanosized oxygen-barrier coatings on polymers[END_REF][START_REF] Jansson | Modeling of multiple cracking and decohesion of a thin film on a polymer substrate[END_REF]. Leterrier [START_REF] Leterrier | Durability of nanosized oxygen-barrier coatings on polymers[END_REF] reported different models indicating that the relationship between the strain at crack initiation and the layer thickness can be expressed as:

ε - = ⋅ 1/n ini f K h (1)
with n=2-4, K a parameter and hf the layer thickness. These models are all based on the application of linear fracture mechanics criteria, and K depends on the dundur's parameters, on the location and the size of the crack-like defect that triggers fracture [START_REF] Beuth | Cracking in thin bonded film in residual tension[END_REF]. Actually, the loading required to break the layer depends on the residual stresses as Nairn and Kim [START_REF] Nairn | A fracture analysis of multiple cracking in coatings[END_REF] pointed out, and these stresses generally vary with the thickness of the layer. In this work, zirconia layers are synthetized on Zy-4 sheets in order to study their mechanical strength as a function of the phase composition and the full thickness. The initial mechanical state of the layer was characterized by the measurements of the residual stresses. The mechanical strength was then studied using a bending test apparatus located in a scanning electron microscope, so that the multiple cracking processes were observed. The crack spacing at saturation and the deflection at cracking initiation were recorded. Using the finite element method, the stress within the layer at the cracking initiation was computed and the mechanical strength of the layers was assessed.

Experimental procedures

Film synthesis

Sheets of recrystallized Zy-4 composed of zirconium (base), tin (1.15 %), few amounts of chromia (0.28%) and iron (0.45%) were used as substrates for the growth of zirconia films. The thickness of the substrate is 400 µm. The mean grain diameter is about 6 µm, which is generally observed in recrystallized Zy-4 [START_REF] Gong | Grain morphology and crystal structure of pre-transition oxides formed on Zircaloy-4[END_REF][START_REF] Ly | Understanding Crack Formation at the Metal/Oxide Interface During Corrosion of Zircaloy-4 using a Simple Mechanical Model[END_REF]. The sheets were cut by electro-erosion in order to obtain plates of 5 mm width and 30 mm length. One face of the substrate was polished with SiC papers up to the grade 4000. The final state was obtained by polishing with a solution of colloidal silica. Three types of zirconia layers were developed.

The first type was obtained by ZrO2 deposition using the OMCVD (Organo-Metallic Chemical Vapor Deposition) process as described in [START_REF] Bernard | Synthesis, structure, microstructure and mechanical characteristics of OMCVD deposited zirconia films[END_REF][START_REF] Chen | Stabilization of the tetragonal phase in large columnar zirconia crystals without incorporating dopants[END_REF]. The precursor, [Zr(OC3H7)3(C11H19O2)]2, was dissolved in cyclohexane and injected into a reactor maintained at 200 °C for vaporization. The vapor was carried with a gas mixture of O2 (2.6 L/h) and N2 (1.15 L/h) under a total pressure of 100 Pa. The substrate temperature was prescribed at 400°C or at 500°C during the process. Varying this temperature and the deposited volume, two sets of specimens were obtained, labeled OM4 for OMCVD specimens obtained at 400°C, and OM5 for OMCVD specimens obtained at 500°C (see table 1).

The second type of zirconia layer was obtained by air oxidation of Zy-4. The specimens were introduced into a furnace at 500°C. The duration of the isothermal heat treatment was in the range of 210 min and 5700 min in order to obtain various film thicknesses (Table 1). The specimens were then cooled in air down to room temperature. The third type of layer was obtained by a mixed synthesis: specimens were oxidized at 500°C in air during 735 min to develop thermally grown layers of about 1 µm thickness. These systems were then used as substrates in the OMCVD apparatus. A zirconia layer was therefore deposited on the thermally grown layer. The OMCVD process was performed at 400°C or at 500°C under the conditions described above for the OM specimens. These specimens are labeled X5M4 for the specimens obtained by oxidation at 500°C followed by OMCVD deposition at 400°C, or X5M5 for the specimens obtained by oxidation at 500°C followed by OMCVD deposition at 500°C (table 1).

Microstructural characterization and residual stress measurements

Field-Emission-Gun Scanning Electron Microscope (FEG-SEM) was used in order to observe the surface of the specimens and to verify that the layers were sound at the end of the process. The observation of polished cross-sections enabled to measure the layer thicknesses. The crystallographic phases were identified by X-ray diffraction (XRD) using the Panalytical X'pert diffractometer with Cu Kα radiation. Grazing X-ray diffraction (GIXRD) was used in order to limit the signal from the substrate: the angle between the incident beam and the surface of the specimen was 2°. The X-ray diffraction patterns were obtained by 2θ scanning from 27° to 37°, with steps of 0.025°. According to the JCPDS files n° 17-0923 and 37-1484, peaks with 100 % intensity are expected in this 2θ range for the isotropic phases: (111)t for ZrO2t and (1 11)m for ZrO2m. Crystallographic texture was not characterized. The volume fraction of tetragonal zirconia was computed using the following expression [START_REF] Garvie | Phase Analysis in Zirconia Systems[END_REF]:
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with hkl A the area of the peak associated to the plane family {hkl} for the different allotropic phases. The residual stresses in the oxide films were obtained by XRD using the sin 2 ψ method with Cu Kα radiation in grazing incidence. The shifts of the ( 111) m peak for ZrO2m and the (111)t peak for ZrO2t versus the specimen inclination ψ were analyzed. In the experiments, 15 values of ψ between -61.34° and 61.34° were used. Assuming that the layer has an isotropic linear elastic behavior and that the stress state is equibiaxial without shear component, the relationship between stress components and inter-reticular distance is:
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with dhkl the inter-reticular distance of the plane family {hkl}, d0 the stress-free distance, _ σ res k the residual stress within the phase k (t for ZrO2t, m for ZrO2m), S2k and S1k the radiocrystallographic constants of the allotropic phase k. The radio-crystallographic constants were computed according to the Voigt assumption for the assessment of the mechanical behavior of the polycrytal:
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with Ek and νk, the Young modulus and the Poisson ratio of each allotropic phase k of zirconia reported in the table 2. The elasticity properties were computed from homogenization methods considering an isotropic material [START_REF] Berdin | Internal stresses in polycrystalline zirconia: microstructure effects[END_REF]. Concerning the radiocrystallographic constants, their values will depend on the plane family {hkl} if the Reuss assumption is selected instead of the Voigt assumption. As a consequence, this will modify the computed values of the stresses but not their evolution with the ZrO2t fraction or with the layer thickness.

Mechanical tests

Three-point bending tests with a small bending device introduced in a scanning electron microscope (SEM) were carried out in order to gradually apply a tensile strain to the thin layer and to trigger the multi-fragmentation process (Figure 1). The distance between both supports was 18 mm. Displacement rate of 0.2 mm/min was prescribed at the center of the specimen. The deflection and the load were recorded during the test.

A thin layer of gold was previously deposited on the surface of the layer to reduce charge effect under the electronic gun and easily observe the evolution of the damage at the oxide surface. The tests were interrupted at different steps and images at the center of the specimen (i.e. the most loaded zone) were recorded at constant magnification in order to follow the multi-fragmentation process.

Results

Structure -Microstructure

Varying the volume of the precursor, two specimens were obtained for each condition of OMCVD (table 1): OM4-1 and 2 at 400°C, OM5-1 and 2 at 500°C, X5M4-1 and 2, X5M5-1 and 2 from the mixed process. Five specimens were oxidized at 500°C: OX5-1 to 5. The surface morphologies observed with a FEG SEM from the zirconia films reveal sound and homogeneous surfaces with the presence of few aggregates mainly due to vertical and cold wall reactor configuration (Figure 2). The X-ray diffraction patterns corresponding to the four specimens obtained by OMCVD deposition are given in Figure 3.a, completed by the pattern of the substrate. Each pattern is normalized by the intensity of the highest peak in the pattern. Peaks of the substrate are noted at about 32° and 35°. As can be seen, OM4 and OM5 layers are composed of both monoclinic and tetragonal phases. The volume fraction of the tetragonal phase ZrO2t increases with the layer thickness (table 1). In OX5 specimens, the volume fraction of ZrO2t is lower than that in OM specimens (table 1): about 15% in OX5 against 52% in OM5 for a 1.1 µm layer. It decreases when the oxide thickness increases for OX5 specimens. This last result is consistent with the literature [START_REF] Pétigny | In situ XRD analysis of the oxide layers formed by oxidation at 743 K on Zircaloy 4 and Zr±1NbO[END_REF][START_REF] Béchade | Determination of residual stresses in a zirconia layer by X-ray diffraction and by a micromechanical approach : thermoplastic anisotropy effect[END_REF][START_REF] Lin | Analysis on volume fraction and crystal orientation relationship of monoclinic and tetragonal oxide grown on Zr-2.5Nb alloy[END_REF][START_REF] Polatidis | Residual stresses and tetragonal phase fraction characterisation of corrosion tested Zircaloy-4 using energy dispersive synchrotron X-ray diffraction[END_REF]. In specimens obtained by mixed synthesis the volume fraction of the tetragonal phase is intermediate: about 18% for 1.5 µm layer. It increases with the layer thickness as for OM specimens because the thickness of the thermal oxide is constant.

According to the literature [START_REF] Pétigny | In situ XRD analysis of the oxide layers formed by oxidation at 743 K on Zircaloy 4 and Zr±1NbO[END_REF][START_REF] Gong | Grain morphology and crystal structure of pre-transition oxides formed on Zircaloy-4[END_REF][START_REF] Lin | Analysis on volume fraction and crystal orientation relationship of monoclinic and tetragonal oxide grown on Zr-2.5Nb alloy[END_REF], a gradient of ZrO2t with more ZrO2t located at the metal-oxide interface is expected in thermally grown zirconia. For OMCVD and mixed synthesis ZrO2 layers (OM and X5M layers), X-Ray diffractions were performed with different angles of incidence: 2° and 0.5° (Figure 3.b). It appears that the relative intensity of the tetragonal peak (111)t obtained at 0.5° is higher than at 2°. So, ZrO2t is rather located at the surface of the layer for OM and X5M layers. This is the opposite for OX5 layers. Finally, assuming that both phases are not mixed, a schematic representation of the layer microstructure was proposed: Figure 4 displays this representation of the thickness of both phases in the oxide for each layer, the metal-oxide interface is located at eox=0. We therefore obtained layers of various thicknesses (0.25-2.8 µm) with different fractions of ZrO2t and ZrO2m and different microstructures: the tetragonal phase was rather located at the metal-oxide interface or at the surface, depending on the synthesis route.

Residual stresses

The residual stresses were measured within both phases of zirconia. They are given in the table 1. Taking into account the fitting process, the error was estimated at about 10% of the values. It has to be noted that the stress within ZrO2t in the thermal growing layers was not obtained because of the low intensity of the (111)t peak in these cases.

It can be seen (Table 1) that the residual stresses in ZrO2m are compressive for all the layers independently on the process with values varying from -600 MPa down to -2500 MPa. In thermal oxides, these values are in good agreement with the measurements reported in the literature [START_REF] Guerain | Review of stress fields in Zirconium alloys corrosion scales[END_REF]. When each growth condition is considered, these compressive stresses increase with the layer thickness. The compressive stresses in the monoclinic phase of OMCVD layers are lower than in thermal growing layers.

For the phase ZrO2t, the residual stresses are compressive for all the layers obtained by OMCVD, but they are in tension for the layers obtained by mixed synthesis. So, in these layers, the tetragonal phase is not stabilized by the residual stresses but by the grain size of the oxide: the grain size calculated from the mid area of the (111)t peak lies between 7 and 10 nm. This is consistent with the results of the literature: Djurado et al. [START_REF] Djurado | Crystallite Size Effect on the Tetragonal-Monoclinic Transition of Undoped Nanocrystalline Zirconia Studied by XRD and Raman Spectrometry[END_REF] found that grain size less than 10-30 nm stabilizes the tetragonal phase at room temperature.

For the layers obtained by mixed synthesis, the monoclinic phase is under compression and it is rather located at the metal-oxide interface as XRD results showed (Figure 4). The tetragonal phase is in tension and is rather located at the surface of the layer. These results suggest that there may be a stress gradient within the oxide layer.

It is worth noting that the residual stresses in ZrO2t reaches up to +1210 MPa (see X5M5-2 in Table 1) whereas the layer is not cracked at the end of the synthesis process. One can conclude that the strength of the tetragonal phase is larger than 1210 MPa.

Multifragmentation

During the bending test, the same fracture behavior was observed for all the layers: in the first stage, few cracks appear at a critical deflection level depending on the layers. Then, the crack density increases until a constant value is reached that defines crack spacing at saturation. The multiple cracking process is illustrated for a layer with a thickness of 1.1 μm (OM5-2) (Figure 5) and for a layer with a thickness of 2.1 μm (X5M5-2) (Figure 6). For the thin layer, the cracks are relatively short whereas they are straighter and longer for the thick layer. This effect of the layer thickness on the crack morphology was confirmed by the observation of all damaged layers. This is consistent with the results of the literature [START_REF] Bernoulli | Cohesive and adhesive failure of hard and brittle films on ductile metallic substrates: A film thickness size effect analysis of the model system hydrogenated diamond-like carbon (a-C:H) on Ti substrates[END_REF][START_REF] Xie | Cracking and decohesion of a thin Al2O3 film on a ductile Al-5%Mg substrate[END_REF] for homogeneous layers. The present results show that the fraction of the ZrO2t and the residual stresses do not have visible effects on cracks morphology. The patterns of the channel cracks could be explained by the interaction between cracks propagating in the same direction or in opposite directions as discussed in [START_REF] Xia | Crack patterns in thin films[END_REF]. For thin metallic films deposited on polymer by Lambricht et al. [START_REF] Lambricht | Giant stretchability of thin gold films on rough elastomeric substrates[END_REF] the crack spacing increases with the increase of the layer thickness, but the crack lengths does not. The authors suggested an effect of plasticity shielding at the crack tip in the metallic films. However, this explanation does not probably apply in such oxide layers. The stability of the channeling cracks propagation should be studied: it can explain the different crack lengths observed in the layers of different thicknesses. The deflection at cracking initiation, noted δini, was registered for the different layers. The value was determined by averaging the value at which the first cracks were noticed with the value at the step before. So, the uncertainty is equal to the difference of both values. The deflection at crack initiation was reported versus the layer thickness (Figure 7.a): it decreases as the layer thickness increases independently on the synthesis route.

The crack spacing at saturation, dsat, was also reported versus the layer thickness: it increases linearly as the oxide thickness, eox, increases from 0.25 to 2 µm (Figure 7.b). Here again, this evolution seems to be independent on the synthesis route.

4 Finite element modeling of the bending test

Numerical model and boundary conditions

The crack patterns observed during the bending tests suggest an opening fracture mode in the oxide. So, the strength of the layer can be assessed by the value of the stress perpendicular to the direction of the cracks at the cracking initiation step. Analytical results of beam theory was not used because the specimen is not actually a beam due to its width. To obtain the correct 3D-effect, numerical modelling was therefore used. Finite element analyses of the bending tests were performed in order to get the mechanical state within the layers at the cracking initiation step. The mechanical strength of the layers will be assessed.

One quarter of the plate (Figure 8) was modeled considering the two symmetries of plane, along the length L and along the width b. The length is in the x-direction, the width is in the ydirection and the height is in the z-direction with the layer at the top of the plate. Symmetry conditions are applied on both symmetry planes (ABHG and BCEH). The z-displacement is equal to zero at the nodes located along EF line in order to represent the boundary conditions at the support. The displacement is prescribed in the z-direction for all nodes lying on the line AB in order to apply the deflection.

The residual stresses can be simulated by a pseudo-thermal loading applied before the mechanical loading. The thermal loading was computed in order to reach a target residual stress res σ at the center of the layer. For that purpose, the following equation is used:

res ( 1 ) T E - ∆ = ν α σ (5) 
with α the linear thermal expansion coefficient, ∆T, the temperature variation, E, ν , the Young modulus and the Poisson ratio of the oxide. The temperature variation is computed in order to get the value σres.

Quadratic elements were used for the mesh, with 4 elements in the height of the layer and 10 elements in the height of the substrate. Indeed, small stress gradients are expected in this direction. A perfect interface is assumed between the layer and the substrate, i.e. all the displacements are continuous at the interface. The elastic-plastic behavior of the substrate was considered and the strain hardening law has been identified from tensile test and bending test of the substrate at room temperature. The following law was found for uniaxial loading:
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with σ, the tensile stress in MPa and ε p the plastic strain. The 3D mechanical behavior is obtained considering the von Mises criterion and an isotropic hardening. The mechanical behavior of the layer is linear isotropic elastic. It is defined by the Young modulus E and the Poisson ratio ν. Since the layers are composed of a mixture of tetragonal and monoclinic phases, elastic properties of the layer are chosen as the average of the elastic properties of both phases: E =225 GPa and ν =0.275. Indeed, the global result (load versus deflection curve) and the local strain fields are not sensitive to this choice, but the local stresses in each allotropic phase are. So, as explained later, the local stresses within each allotropic phase have been assessed with analytical post-treatment of the strain results. The observations of the damage process were made at the centre of the specimen on a surface named "gauge surface" of about 400×400 µm 2 . In the numerical model, the gauge surface corresponds to the element containing the point H (see Figure 8). A "gauge volume" is composed by all the finite elements in the layer under this gauge surface. The mechanical state of the layer at the different stages of the damage process is obtained by averaging the mechanical variables over this "gauge volume".

Results

The results of the modelling of the typical system described above is first presented. Then, a procedure is proposed in order to get the mechanical stress state within the layers at the crack initiation step.

It should be noted that, considering the plate geometry, the stress component perpendicular to the cracks is σxx.

First, the residual stress state was analyzed. Isocontours of σxx in the layer and in the substrate at the end of the pseudo-thermal loading are reported on the deformed mesh for a target value of residual stresses of -1 GPa (Figure 9). The edge effects stemming from the properties mismatch between the layer and the substrate is noticeable (Figure 9.a) around the plate, there is a gradient of σxx attesting that there is a complex stress state within this area. But, in the center of the plate, the stress remains homogeneous at the surface. The following discussion concerns the center of the plate The difference between the target value (-1 GPa) and the final value (-988 MPa) is due to the bending of the system visible on the deformed mesh. This bending induces a variation of the stress along the z-axis; in the layer, it is less than 1 MPa over 2 μm: the stress can be considered as homogeneous in the volume of the layer. In the substrate, the stress close to the substrate-film interface reaches 21 MPa and decreases down to -10 MPa at the bottom face (Figure 9.b). The average value is positive to balance the compressive stress within the layer. The stress components σxx and σyy in the gauge volume within the layer are recorded during the bending after the step of computation of residual stress. It can be seen on Figure 9.c that the residual stress state is equibiaxial as expected considering the plate width and the isotropic behavior of the materials. So we get σxx=σyy=σres as assumed by the expression (3). When the deflection increases, the stress component σxx increases according to 2 successive stages: a classical linear behavior and a second regime due to the development of the plasticity within the substrate. It should be noted that the deflections at crack initiation for the different specimens are in the range of 0.5-1 mm that is the range containing the variation of the stress evolution. As can be seen, the bending does not only induce an extension in the x-direction, but also a variation of the component σyy is noticed.

In order to determine the stress within the layers at the cracks initiation stage, this type of computation has to be carried out for the 13 tested specimen listed in the Table 1. However, the finite element modelling can be simplified. The results obtained on the generic problem solved above, showed that the stress level generated in the substrate is very low at the end of the computation step of the residual stresses: the deflection at the plasticity development is therefore not sensitive to the residual stress. It means also that the mechanical state in the system due to bending is not influenced by the mechanical state due to the residual stresses. This was verified by comparing the results of two types of simulations of the bending: 1) a simulation including the initial residual stress step (see Fig. 9.c) and 2) a simulation without this initial step. The evolutions of σxx and σyy within the gauge volume versus the deflection were exactly the same, except a shift in stress equal to the residual stresses value. The residual stresses were therefore not simulated in the following work but they were added to the bending stresses at the end of the calculation as explained below (see eq.( 9)).

The bending stress was computed as follow: bending of each specimen was simulated taking into account the layer and the substrate thicknesses. Since average properties are used for the mechanical behavior of the layer, the stresses are not correctly evaluated but the strains are. Indeed, the kinematic relationship between the deflection and the strain is not modified by the elasticity parameters of the materials. Considering the in-plane stress state in the layer during the bending, the opening stress for each phase was computed according to the following expression:

( )
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with εxx, εyy are the strains averaged over the gauge volume, the subscript k is the phase (i.e. t

for tetragonal and m for monoclinic). The stresses were computed for every deflection level up to the deflection at the crack initiation, δini. The opening stress within the layer at crack initiation, σini, was therefore obtained for each phase, σini_m and σini_t:

_ _ ( ) , σ σ δ = = ini k xx k ini k t m (6) 
They are reported versus the layer thickness (Figure 10). As can be seen, the values can be very large, up to 4 GPa, and they decrease when the layer thickness increases. This is consistent with the literature [START_REF] Bernoulli | Cohesive and adhesive failure of hard and brittle films on ductile metallic substrates: A film thickness size effect analysis of the model system hydrogenated diamond-like carbon (a-C:H) on Ti substrates[END_REF][START_REF] Jansson | Modeling of multiple cracking and decohesion of a thin film on a polymer substrate[END_REF].

Discussion

Crack distance at saturation

The crack distance at saturation dsat, varies linearly with the oxide thickness whatever the synthesis route used for the oxide growth at least for oxide thickness less than 2 µm (Figure 7.b); it increases in any case with the oxide thickness. The results show that the intensity of the residual stresses increases as the layer thickness increases but only if each synthesis route is considered. Indeed, as can be seen in the Table 1, the values can be very different for the same range of layer thickness: for OM5-1 σres_m = -782 MPa for eox=0.75 µm and for OX5-1 σres_m=-1867 MPa for eox=0.8 µm. Therefore, the crack spacing at saturation does not depend on the residual stresses. This is not surprising considering that the layer is multi-fragmented so that the residual stresses are therefore relaxed at this step of loading. The volume fraction of the tetragonal zirconia depends on the synthesis route: it increases with the oxide thickness for the layer obtained by OMCVD and by mixed synthesis, but it is quasi-constant for the thermally grown oxide. So, the volume fraction of tetragonal zirconia does not vary continuously with the oxide thickness. Furthermore, its value can be very different for the same range of thicknesses: it is equal to 52 % for OM5-2 (eox=1.1 µm) but is about 15-16 % for OX5-2 (eox=0.8 µm) and OX5-3 (eox=1.3 µm). Therefore, the crack spacing at saturation does depend neither on the residual stresses, nor on the allotropic composition of the layer. The shear lag model proposed by Hu et Evans [START_REF] Hu | The cracking and decohesion of thin films on ductile substrates[END_REF] for a brittle layer on a ductile substrate induces a proportional relationship between the crack spacing at saturation and the layer thickness due to the load transfer: since the layer is thicker, the mean stress within the layer is lower. The proportionality coefficient is related to the ratio of the layer strength over the yield strength of the substrate. However, using this relation, Ganne et al. [START_REF] Ganne | Cracking behaviour of PVD tungsten coatings deposited on steel substrates[END_REF] found theoretical values lower than the experimental ones. Furthermore, number of experimental results shows a linear variation between the crack distance at saturation [START_REF] Bernard | Mechanical and microstructural characterisation of oxide films[END_REF][START_REF] Nagl | The tensile failure of Ni oxide scales at ambient and at growth temperatures[END_REF][START_REF] Ganne | Cracking behaviour of PVD tungsten coatings deposited on steel substrates[END_REF][START_REF] Chen | Opening-mode fractures of a brittle coating bonded to an elasto-plastic substrate[END_REF] and the oxide thickness, not a proportional law. Stress fields used in the Hu and Evans model are questionable: the finite element simulations of fragmented layer [START_REF] Xie | Cracking and decohesion of a thin Al2O3 film on a ductile Al-5%Mg substrate[END_REF][START_REF] Fukumasu | Numerical study of tensile tests conducted on systems with elastic-plastic films deposited onto elastic-plastic substrates[END_REF][START_REF] Toth | Detailed modelling of delamination buckling of thin films under global tension[END_REF] or direct measurement of stress [START_REF] Ahmed | Stress evolution and cracking of crystalline diamond thin films on ductile titanium substrate: Analysis by micro-Raman spectroscopy and analytical modelling[END_REF] show that the stress is compressive at the ends of the fragments and this is not supported by the Hu and Evans theory. The linear variation of the crack spacing at saturation with the layer thickness was already observed for other systems: Nagl et al. [START_REF] Nagl | The tensile failure of Ni oxide scales at ambient and at growth temperatures[END_REF] found such an evolution for Ni/NiO and Fe/(iron oxide) systems with an influence of the testing temperature on the parameters of the linear law. Bernard et al. [START_REF] Bernard | Mechanical and microstructural characterisation of oxide films[END_REF] found results similar to those of Nagl et al. [START_REF] Nagl | The tensile failure of Ni oxide scales at ambient and at growth temperatures[END_REF] on the system Ni/NiO. They found an influence of the surface preparation of the substrate on the slope of the relation. Different systems behave in the same way: physical vapor deposited tungsten on steel [START_REF] Ganne | Cracking behaviour of PVD tungsten coatings deposited on steel substrates[END_REF], Al2O3 grown by anodization process on Al substrate [START_REF] Chen | Opening-mode fractures of a brittle coating bonded to an elasto-plastic substrate[END_REF]. The parameters of the linear function depend on both the system and the testing temperature. Our results show that dsat is not sensitive to the allotropic composition and to the spatial distribution of the phases. It can be due to similar strengths for both phases.

Stress at crack Initiation

The analysis is made in two stages for the strength assessment of the layers: in a first stage, only the bending stress is considered (as in [START_REF] Nagl | The tensile failure of Ni oxide scales at ambient and at growth temperatures[END_REF]), and in a second stage, the residual stresses are added to the bending stress.

The opening stress within the layer at crack initiation calculated for each phase, σini_m and σini_t decreases when the full layer thickness increases (Figure 10). Both evolutions (for the both phases) are correctly fitted with the following equation:

/ ini _k k ox A ( e ) k t ,m σ - = = 1 2 (7) 
The fitting is independent on the synthesis route, so it does not depend on the volume fraction of the tetragonal phase. This type of fitting has been successfully conducted by Nagl et al. [START_REF] Nagl | The tensile failure of Ni oxide scales at ambient and at growth temperatures[END_REF] for Ni/NiO and Fe/(iron oxide) systems. Fracture mechanics theory can explain this fitting: the fracture could be initiated by a structural defect in the layer that acts as a crack and whose size depends on the layer thickness. The fracture criterion reads as:

σ α π πα = = ⇒ = = IC _k IC _k ini _k k ox k k k K K a e A k t ,m Y a Y (8)
with KIC_k the fracture toughness of the undamaged oxide of allotropic phase t or m, Y is a geometrical factor that depends on the Dundur's parameters and the defect geometry, and ak the critical crack length for the phase k. For a channel crack located at the surface with αk ≤0.1, the value of Y does not depend on the Dundur's parameters and Y=1.12 [START_REF] Beuth | Cracking in thin bonded film in residual tension[END_REF]. Assuming that αk = 0.1, the fracture toughness is equal to 1.3 MPa.m 1/2 for the monoclinic phase and it is equal to 1.6 MPa.m 1/2 for the tetragonal phase. For 1 µm layer, the defect size is around 100 nm. These defects can be associated to the roughness of the layer surface (Figure 2) or to the length of the grains. But, the stress supported by the layer is not only the bending stress: the residual stresses must be considered. The stress experienced by the layer at the crack initiation is therefore computed for each phase as:

σ σ σ = + = R _ k ini _k res _k k t ,m (9) 
with σres_k the residual stress measured with DRX for each phase k. This analysis assumes that the residual stresses are homogeneous across the layer. The stress within the layer at crack initiation is reported versus the layer thickness in Figure 11.

As can be seen, the values of the stress at crack initiation are scattered for both monoclinic and tetragonal phases. For the tetragonal phase (Figure 11.b), the evolution with the oxide thickness is random and does not depend on the volume fraction of the tetragonal phase. For the monoclinic phase (Figure 11.a), they become negative for the thickest layers: this is fully inconsistent with the fracture opening mode, because such a fracture cannot occur under compression.

One can conclude that the assumption considering that the residual stresses are homogeneous within the layer is probably not correct. Indeed, the measurement of the residual stresses by XRD is an average of the residual stresses for layers of about 1 µm thick due to the gauge volume of X-ray diffraction in such materials. The average stresses are different in both phases: in specimens obtained by OMCVD, the residual stresses are less compressive (OM4 specimens) in the tetragonal phase than in the monoclinic phase, or more compressive (OM5); the difference cannot be explained by the different elastic properties between both phases. Further, in specimen obtained by mixed synthesis, residual stresses are positive in the tetragonal phase whereas they are negative in the monoclinic phase. As noted before, this leads to the assumption of a stress gradient considering the location of both phases within the layer.

A stress gradient was also evidenced in the XRD patterns: the (111) m peak and the (111) q peak move when the incidence angle varies (see Figure 3.b), that is when the gauge volume for Xray diffraction is modified. This implies that the mean residual stresses depends on the XRD gauge volume. These results suggest the existence of a stress gradient in the oxide layer evolving from the surface to the metal / oxide interface. Other authors already reported such gradients in thermally grown ZrO2 layers [START_REF] Godlewski | Stress distribution measured by raman spectroscopy in zirconia films formed by oxidation of Zr based alloys, The 12th Internation Symposium on Zr in the Nuclear Industry[END_REF] and in deposited layers [START_REF] Chen | Residual stress gradient analysis with GIXRD on ZrO2 thin films deposited by OMCVD[END_REF].

Conclusion

Using three synthesis routes, ZrO2 layers composed of two allotropic phases were obtained in the layer thickness range of 0.25 -2.8 µm:

-OMCVD: the fraction of ZrO2t is large (> 20%); ZrO2t is mostly located at the surface; residual stresses are compressive in both ZrO2 phases -Oxidation: the fraction of ZrO2t is low (< 20%); residual stresses are highly compressive in ZrO2m; they cannot be measured for ZrO2t.

-Mixed process: ZrO2t is mostly located at the surface because this phase grows at the end of the OMCVD process; residual stresses are compressive in ZrO2m but highly tensile in ZrO2t. This result implies that the tetragonal phase is stable under tensile stress and its strength is larger than 1200 MPa Using bending tests in a SEM, multiple cracking process was observed:

-Morphology of the cracks depends on the thickness layer: there are more straight and longer for thicker layer and it does not depend on the fraction of the tetragonal zirconia or on the residual stresses, but on the full layer thickness -Crack spacing at saturation and deflection at crack initiation do depend neither on the phase composition, nor on the residual stresses The major parameter acting on the apparent layer strength is the layer thickness even for layers with different allotropic composition. The evolution of the applied stress to trigger the multi-fragmentation process suggests that the fracture is triggered by defects acting as cracks and whose size is proportional to the thickness. But, if the residual stresses are taken into account as homogeneous stress within the layer, inconsistent results are obtained: negative strengths are computed. A large gradient of residual stress is therefore suspected.

Fundings Table 1. Main synthesis conditions of the three types of zirconia films: OM4 and OM5 films, OX5 films, X5M4 and X5M5; temperature is the substrate temperature for OM films and the temperature during the oxidation process; eox is the full thickness layer, ft is the volume fraction of the tetragonal phase, σres_m and σres_t are the residual stresses measured by XRD in the monoclinic and tetragonal phases. 
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  Poisson ratio for the allotropic phase k (k=m or t) σini_k bending stress within the phase k at cracking initiation σres_k residual stresses measured within the phase k (k=t or m) σR_k strength measured within the phase k (k=t or m) 1 Introduction
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 223 Figure 2. Surfaces of zirconia films obtained for different substrate temperatures; a) OM4-1; b) OM5-2; c) X5M4-1; d) X5M5-2 Figure 3. X-ray diffraction patterns a) for zirconia layer deposited by OMCVD b) for OM4-2 specimen at different grazing incidence angle

Figure 4 .

 4 Figure 4. Thicknesses of tetragonal and monoclinic phases for each layer and main location of the tetragonal phase in the layer with eox=0 at the metal-oxide interface.

Figure 5 .Figure 6 .

 56 Figure 5. Multi-fragmentation of OM5-2 layer (eox=1.1 µm) a) first cracks ; b) intermediate step, in black the cracks present at the previous step, in red, the new cracks, in green the extension of the previous cracks; c) micrography (SEM) of the damage surface at the last step -the field width is equal to 420 µm Figure 6. Multi-fragmentation of X5M5-2 layer (eox=2.1 µm) a) first cracks ; b) intermediate step, in black the cracks present at the previous step, in red, the new cracks, in green the extension of the previous cracks; c) micrography (SEM) of the damage surface at the last step -the field width is equal to 420 µm

Figure 7 .Figure 8 .Figure 9 .Figure 10 .Figure 11 .

 7891011 Figure 7. a) Deflection at cracking initiation versus oxide thickness; b) distance between cracks at saturation versus oxide thickness Figure 8. Scheme of the quarter of the bending specimen modeled by the finite element method Figure 9. Layer of 2 µm thickness with target σres = -1 GPa on a substrate of 368 µm thickness a) Isocontours of σxx (MPa), due to the residual stresses in the layer -deformed shape x30; b) Isocontours of σxx (MPa), due to the residual stresses in the substrate -deformed shape x30 ; c) evolution of the averaged stresses in the gage volume versus the deflection (s_xx= σxx s_yy= σyy) Figure 10. Evolution of the applied stress at crack initiation as a function of oxide thickness: a) ZrO2m and b) ZrO2t Figure 11. Evolution of the stress experienced by the layer at crack initiation, versus the thickness of the oxide for: a) ZrO2m and b) ZrO2t

  

  

  

  

  

  

  

  

  

Table 2 .

 2 Mechanical properties of zirconia and substrate assuming isotropic behavior

		Synthesis Temperature	eox	ft	σres_m	σres_t
			(°C)	(µm)	%	(MPa)	(MPa)
	OM4-1	OMCVD	400	0.25	21	-676	-186
	OM4-2	OMCVD	400	0.5	32	-1100	-502
	OM5-1	OMCVD	500	0.75	45	-782	-925
	OM5-2	OMCVD	500	1.1	52	-1191	-1497
	OX5-1	Oxidation	500	0.8	16	-1867	-
	OX5-2	Oxidation	500	1.3	15	-2379	-
	OX5-3	Oxidation	500	1.6	12	-2729	-
	OX5-4	Oxidation	500	2.7	10	-2471	-
	OX5-5	Oxidation	500	2.8	10	-2489	-
	X5M4-1 Oxidation	500				
		OMCVD	400	1.5	18	-1156	986
	X5M4-2 Oxidation	500				
		OMCVD	400	1.7	24	-1353	1073
	X5M5-1 Oxidation	500				
		OMCVD	500	1.8	28	-816	661
	X5M5-2 Oxidation	500				
		OMCVD	500	2.1	48	-1443	1210

material E (GPa) ν α (10 -6 K -1 )

  Figure 1. a) Mini machine of bending test ; b) Scheme of three-point bending test, F load, δ deflection, L=18 mm

	Zy-4	96	0.3	7.4
	ZrO2m	248	0.27	7.3
	ZrO2t	201	0.28	11.7
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