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The coating thickness and the electromagnetic properties of the coated material under different conditions were measured. est considéré comme un support à trois couches. L'épaisseur du revêtement et les propriétés électromagnétiques de chacune des trois couches ont été efficacement déterminées par un processus inverse.  L'intégrité des matériaux revêtus après leur exposition à diverses conditions environnementales, à savoir, tel que reçu, traité thermiquement à l'air et sous atmosphère chargée de SO 2 , et ce pour différents temps d'exposition a été évaluée par les deux méthodes (microscopie acoustique et méthode ECT). L'épaisseur du revêtement et les propriétés élasto-électromagnétiques du matériau revêtu dans ces différentes conditions ont été mesurées.
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Introduction

Acoustic microscopy and eddy current testing method are among the main nondestructive testing methods that are commonly used in industry for the evaluation and characterization of material properties. For the evaluation and characterization of Ni-based thermal sprayed coated material, the use of these two methods can be a promising way to give a comprehensive understanding of the material's properties due to the complementary information that these two methods can provide. Indeed, acoustic microscopy can provide the elastic properties of the coating while ECT can provide the electromagnetic properties of the coating.

In this thesis, we study the evaluation of a Hastelloy C22 thermal sprayed coating on a 304 type steel substrate using acoustic microscopy and eddy current testing methods. For acoustic microscopy, we investigate basic physical phenomena of acoustic wave propagation in multilayered anisotropic media and we derive the reflection and transmission coefficient of acoustic wave propagating in the multilayered anisotropic media. The reflection coefficient is then used for the modeling of V(z) curve of the target material, i.e., the thermal sprayed coated material. For eddy current testing, we built a multilayered model in order to calculate the impedance of the thermal sprayed coated material. An inverse analysis process allows us to retrieve the electromagnetic properties of the thermal sprayed coating. And lastly, we characterize the thermal sprayed coated material at different state: as-received, heat-treated in air at 650 °C and heat-treated in SO 2 environment at 650°C, by using acoustic microscopy and eddy current methods previously established.

The current thesis consists of the following five parts:

Chapter 1 gives the motivation of this thesis, the background of academic research methods, which involves both acoustic and electromagnetic waves for the non-destructive testing of coated metallic parts.

Introduction (en français)

La microscopie acoustique et le procédé de contrôle par les courants de Foucault (ECT) sont deux des principales méthodes de contrôle non destructif à être couramment utilisées dans l'industrie pour l'évaluation et pour la caractérisation des propriétés des matériaux. L'utilisation conjointe de ces deux méthodes d'évaluation et de caractérisation peut être un moyen de prometteur pour apporter une compréhension globale des propriétés des matériaux revêtus par des alliages à base de Nickel pulvérisés thermiquement par les informations complémentaires que ces deux méthodes permettent de déduire. En effet, la microscopie acoustique peut fournir les propriétés élastiques de la couche de revêtement tandis que les courants de Foucault peuvent en fournir les propriétés électromagnétiques.

Dans cette thèse, nous étudions l'évaluation d'un revêtement Hastelloy C22 pulvérisé thermiquement sur un substrat en acier de type 304 en utilisant la microscopie acoustique et les méthodes d'essai dites ECT. Pour la microscopie acoustique, nous étudions les phénomènes physiques de base concernant la propagation des ondes acoustiques dans les milieux multicouches anisotropes et nous calculons les coefficients de réflexion et transmissions d'ondes acoustiques dans de tels matériaux. Le coefficient de réflexion est ensuite utilisé pour la modélisation de la fonction V(z) du matériau cible, à savoir le matériau revêtu par pulvérisation thermique. Pour les essais ECT, nous avons construit un modèle de milieu multicouche pour calculer l'impédance du matériau précité. Les propriétés électromagnétiques du revêtement sont calculées par un processus d'analyse inverse. Enfin, en utilisant la microscopie acoustique et les méthodes ECT précédemment établies, on caractérise le matériau revêtu selon différents états de préparation des échantillons: matériau brut, matériau traité thermiquement à 650 °C à l'air ou sous atmosphère chargée de SO 2 .

Le présent manuscrit comporte de cinq parties:

Le chapitre 1 expose les motivations de cette thèse et dresse une revue bibliographique des recherches dans le domaine du contrôle non destructif appliqué aux matériaux métalliques revêtus par des méthodes utilisant aussi bien les ondes acoustiques qu'électromagnétiques.

Le chapitre 2 présente la modélisation de la propagation d'ondes acoustiques dans un milieu multicouche anisotrope. Des exemples de mise en oeuvre du modèle sont également analysés.

Le chapitre 3 propose une analyse théorique de la courbe V(z) obtenue avec un capteur large bande à focalisation rectiligne (ou transducteur cylindrique) et à relativement faible fréquence.

La formule du coefficient de réflexion en immersion dans un fluide pour des revêtements ayant des propriétés graduelles et déposés sur un substrat métallique, est calculée en se basant sur le formalisme Stroh. Les résultats théoriques et expérimentaux sont présentés et discutés.

Le chapitre 4 présente la modélisation et l'expérience en courants de Foucault avec balayage en fréquence (swept ECT) pour l'évaluation du revêtement d'alliage Hastelloy C22 projeté thermiquement sur un substrat d'acier de type 304.

Le chapitre 5 porte sur l'évaluation non-destructive de la couche Hastelloy C22 déposée par pulvérisation thermique sur un substrat de type 304 par la combinaison de la microscopie acoustique et du procédé ECT, qui permet de fournir une compréhension complète du comportement du matériau revêtu. Des observations destructives par microscopie électronique à balayage (MEB) et des mesures de nano-indentation sont également menées de manière complémentaire pour valider la méthode de contrôle non destructif proposée, à savoir la combinaison de la microscopie acoustique et de la technique ECT. 4

Motivation

Boiler tubes in thermal power plants are used in hot corrosive environment, and thermal spraying is applied on the surface of tubes for mitigation of abrasion [START_REF] Kawakita | Corrosion Resistance of Hastelloy C Coatings Formed by an Improved HVOF Thermal Spraying Process[END_REF].

Cracking, delamination, and thinning of thermal sprayed coatings can occur due to aging.

Such degradation as well as the coating thickness should be non-destructively evaluated for the management of boiler tubes.

Several methods can be used for the detection and evaluation of damage in this material.

Generally, the methods to be employed separate into two groups: the destructive and nondestructive ways. A collection of detection methods in relation to typical structures at different scale is presented in Fig. 1.1. In destructive evaluation, mechanical testing (such as tensile test, bending test, etc.) and microstructure observation (such as SEM, TEM) are mostly used. Despite the accuracy and visibility of the destructive evaluation, it requires the breakage of the material and is no in situ evaluation. On the contrary, nondestructive evaluation (NDE) provides access to deterioration of a material or a structure, and to detect and characterize flaws in a nondestructive way. Therefore, it plays an important role in the prevention of failure of material and components, and is widely used in processing, manufacturing and for in-service inspection. NDE is particularly important for the in-service inspection of high-cost and critical load-bearing structures whose failure could have tragic consequences.

For thermal sprayed alloy coatings on substrate, acoustic method and electromagnetic method can be used for quantitative detection and evaluation of the elastic and electromagnetic properties of the material. Compared to conventional NDT method, such as X-radiation, x-ray CT etc., acoustic microscopy can not only provide imaging of the texture of the material, but also give elastic and acoustic properties of the material through V(z) measurement [START_REF] Zq | Integration of modeling and acoustic microscopy measurements for thin films[END_REF]. Indeed, a comprehensive evaluation of the thermal sprayed coating on substrate needs implementation of several NDT methods. However compensate should be made to reduce the cost and time of the evaluation procedure. A promising choice for the evaluation of this thermal sprayed alloy coating on substrate is a combination of acoustic and electromagnetic method. As mentioned before, the elastic and acoustic properties of the coating can be obtained by acoustic microscopy and eddy current testing can provide the electromagnetic properties of the coating. In other words, the combination of these two methods can provide a comprehensive understanding and evaluation of the thermal sprayed coatings on substrate. In this thesis, we will use such a strategy in order to evaluate the condition of thermal sprayed alloy coatings on substrate. 

General concept of Acoustic microscopy

Acoustic microscopy, as first proposed by Quate et al. [START_REF] Quate Cf | Acoustic microscopy with mechanical scanning-a review[END_REF], and further developed by Briggs [START_REF]Acoustic Microscopy[END_REF] and other authors [START_REF] Weglein Rd | A model for predicting acoustic material signatures[END_REF], [START_REF] Atalar | An angular-spectrum approach to contrast in reflection acoustic microscopy[END_REF], [START_REF] Lemons Ra | A scanning acoustic microscope[END_REF], [START_REF] Attal | New developments in scanning acoustic microscopy[END_REF], has been used as a useful nondestructive technique to characterize the elastic properties of layered structures and to inspect the quality of bound 8 between layer and substrate [START_REF] Bourse | Interfacial adhesion characterization of plasma coatings by V(z) inversion technique and comparison to interfacial indentation[END_REF]. This technique is based on the measurement of the acoustic signature or the material, also named V(z) curve. Such curve is characteristic of the sample material, with the spacing of the dips over the negative part of the z range ∆z relating to the wavelength (λ R ) of surface waves (Rayleigh waves) according to :

(1.1) where θ R is the critical angle of Rayleigh waves [START_REF]Acoustic Microscopy[END_REF].

One advantage of acoustic microscopy compared to optical microscopy is that it can inspect subsurface texture and artifacts and can sometimes offer greater contrast.

An acoustic microscope consists of four main components:

• the acoustic probe;

• the pulse-mode measurement system for transmitting and receiving signals;

• the mechanical system for alignment and movement of the specimen, and

• a computer for controlling the system and processing the recorded wave forms.

The three last items of this list are only means to obtain the V(z) curve but do not affect its shape. In contrast, the geometry of the ultrasonic probe has a great influence on the measurement and should be carefully studied. Two kinds of probes are mainly used in acoustic microscopy and are illustrated in Fig. 1.2. Point-focus transducers are generally used for imaging, while line-focus acoustic transducers are generally used for characterization purpose. Line-focus acoustic microscopy was proposed and developed by Kushibiki and Chubachi [START_REF] Kushibiki | Application of LFB acoustic microscope to film thickness measurement[END_REF], and provides a method to determine the elastic constants of bulk materials and, especially, thin films and/or coatings on substrate. Briggs has also discussed the physics and applications of line-focus acoustic microscopy.

The elastic constants of films and coatings depend on the experimental conditions of the deposition technique. It is important to know, to understand and predict the mechanical behavior of these films and/or coatings, because it will be useful to anticipate the behavior of the coated components. The quantitative mode of acoustic microscopy has precisely been proven to be a very useful technique for determining elastic constants, but also the thickness and even the mass density of a thin film deposited on an elastic substrate. The elastic constants are determined from the velocities of leaky acoustic waves that can be obtained

2(1 cos ) R R z λ θ ∆ = -
from V(z) measurements. Weglein was apparently the first to recognize the potential for quantitative measurements by using the V(z) [START_REF] Weglein Rd | A model for predicting acoustic material signatures[END_REF]. Linking the elastic constants of a material and its V(z) curves requires the development of a V(z) measurement model, which simulates the measurement procedure. The material constants are then obtained from optimization procedures, which compare the results from the measurement model and the experiments. One key issue of the V(z) modeling is the simulation of acoustic wave propagation in the material, and the determination of the reflection coefficient of the acoustic wave. Transfer matrix method was then firstly developed for the calculation of reflection and transmission coefficient of acoustic waves. However, numerical instability can easily occur during the simulation, especially when the coating thickness is large and/or when the applied frequency goes high. To deal with this numerical problem, numerous methods have been developed in recent years, such as delta matrix method, surface impedance matrix method, stiffness matrix method, etc. [START_REF] Wang | Stable reformulation of transfer matrix method for wave propagation in layered anisotropic media[END_REF]. An overview of these methods will be presented in Section 1.3. In the approach of Liu, the 3-D elasticity equation is reduced to a sixth-order ordinary differential equation for each layer. The problem is that for an N-layer laminate, a system of 6N linear equations must be solved. Skelton and James [SKELTON92] used the transfer matrix method, in which a reduced system of only six linear equations must be solved, regardless of the number of laminate layers. This simplifies the analysis and results in computational savings.

This transfer matrix method was also used by [START_REF] Ye | Laminated composite plates and shells[END_REF], but under a different name: the state space method.

In the next subsections we briefly review different methods developed in the last fifty years in order to calculate the reflection coefficient, namely, the transfer matrix method, the scattering matrix method, the surface impedance matrix method and the recursive asymptotic stiffness matrix method.

General linear elastodynamics 1.3.1.1 Equations of motion

A schematic diagram for ultrasound transmission in a multilayered plate is shown in Fig. Using tensor notation u= (u x , u y , u z ) T ;

σ σ σ ρ σ σ σ ρ σ σ σ ρ ∂  ∂ ∂ ∂ + + =  ∂ ∂ ∂ ∂   ∂ ∂ ∂ ∂  + + =  ∂ ∂ ∂ ∂   ∂ ∂ ∂ ∂ + + =  ∂ ∂ ∂ ∂  
( ) 

t ρ ∂ = ∂ u Dσ (1.4)
Here, is a differential operator defined as 0 0 0

0 0 0 0 0 0 x z y y z x z y x   ∂ ∂ ∂   ∂ ∂ ∂     ∂ ∂ ∂ =   ∂ ∂ ∂     ∂ ∂ ∂   ∂ ∂ ∂   D (1.5)
In the general case, the anisotropic stress-strain relationship often referred by the Hooke's law namely:

ij ijkl kl C e σ = (1.6)
or in matrix form: ); 2 ; , , , 2
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or in its matrix form as:
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In tensor notation, Eq. (1.6) can be written as:

T σ = CD u (1.12)
Combining the two equations (1.4) and (1.12) yields:

2 T t ρ ∂ = ∂ u DCD u
(1.13) Substituting Eq. (1.10) and (1.11) into Eq. (1.2) and noting (x 1 , x 2 , x 3 )=(x, y, z), (u x , u y , u z )= (u 1 , u 2 , u 3 ), equations of motion for the displacements u i (i=1,…3) are expressed as follows:

1 2 k l ijkl i j l k u u C u x x x ρ   ∂ ∂ ∂ + =   ∂ ∂ ∂    (1.14)
Taking into consideration the various symmetries of C ijkl , by interchanging the indices k and l, the equations of motion become: 2 1, 2,3

l ijkl i j k u C u i x x ρ ∂ = = ∂ ∂  (1.15)

Christoffel's equation

Assuming that the solutions of Eq. (1.15) are plane waves, in a reference Cartesian coordinate system (x, y, z), of the form:

1 2 3 exp[ ( )], 1, 2,3 i i u U i n x n y n z ct i x = - + + - = (1.16)
ξ is the wave number, c is the phase velocity (=ω/k), ω is the circular frequency, U j are the constants related to the amplitudes of displacement, ( 1, 2, 3)

i n i = are the components of the unit vector giving the direction of propagation and substituting Eq.

(1.16) into Eq.

(1.15), leads to the eigenvalue equation: 

2 2 ijkl k j l i c n n U U x ρω = (1.17

Ultrasonic propagation in multilayered media

The propagation of elastic wave in generally anisotropic layered media has been widely studied in the past decades. One widespread and intuitive technique used to deal with such system is known as the transfer matrix (TM) method, which was originally proposed by Fahmy and Adler in 1973 [START_REF] Ah | Propagation of acoustic surface waves in multilayers: A matrix description[END_REF], [START_REF] Adler El | Matrix Methods Applied to Acoustic Waves in Multilayer[END_REF]. The next section presents the implementation of this method, but also brings out its limitations. Indeed, the TM method has been known to suffer from inherent numerical instabilities, particularly when the layer thickness becomes large and/or the frequency is high [START_REF] Thomson Wt | Transmission of Elastic Waves Through a Stratified Solid Medium[END_REF], [START_REF] Haskell | The dispersion of model solutions in layered elastic media at high frequencies[END_REF]. This drove the academic research to large efforts in order to solve this problem. The following paragraphs will propose a literature review of alternative methods that have been imagined to improve the stability of the TM method.

The Transfer Matrix (TM) method in the isotropic case

The state vector consists of the displacement and stress components that will be used in the boundary conditions. For isotropic layers the state vector can be written as [START_REF] Zq | Integration of modeling and acoustic microscopy measurements for thin films[END_REF]:

[ ( )] [ ] T x y zz zx S z u u σ σ = (1.20)
The first step of the method consists in determining the general wave field solutions for each layer in order to relate the state vector at an arbitrary location to the material properties and the geometrical parameters. By considering displacement solutions for homogeneous layer as the superposition of down-going and up-going bulk waves within the layer, i.e., as

4 1 exp[ ( )] i i m m x m m u U ik x z ct φ α = = + - ∑ , (1.21)
where 1

2 3 4 = , = , = , α α α α α β α β - = -, ϕ i is the corresponding eigenvector of the displacement component u i . 1 2 3 4 ( , , , ) i i i i i φ φ φ φ φ =
, and U m (m=1,2,3,4) are unknown constants.

The state vector can be derived as

[ ( )] [ ( )] [ ] S z D z U = ⋅ (1.22)
where [D(z)] is defined as ( )
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For each layer the transfer matrix [T n ], which relates the state vector at one side of the 

n n n S T S - +     =     (1.25) is derived, so that [ ] [ ] [ ] 1 ( 0) ( ) ( 1, 2,..., ) n n n n T D z D z d n N - = = ⋅ = = (1.26)
Then the transfer matrix method is deployed in order to construct a transfer matrix [G] to relate the state vector at the top of the N-Layer medium (at z=0) to that at the bottom (at z=d) by invoking the continuity conditions on both sides of each layer to obtain

( ) [ ] ( ) 0 , S z G S z d = = =         (1.27)
where

[ ] [ ] [ ] [ ] [ ] 1 2 int n G T T T T = ⋅ ⋅⋅⋅ ⋅⋅⋅ (1.28)
Incorporating the derived state vector in the coupling fluid at z=0,

[ ( 0)] f S z = , 2 2 1 1 1 [ ( 0)] 0 0 f f f x f x f S z R ik c ik c α α ρ ρ     -     = = ⋅             , (1.29) where 1/ 2 2 2 1 f f c c α   = -      
and sin( )

f c c θ = (1.30)
where θ is the incident angle. And in the substrate at z=d, [ ( )]

s S z d = , [ ] [ ] 1 3 ( ) 0 0 T s sub S z d T U U   = = ⋅   (1.31)
Where [T sub ] is the transfer matrix of the substrate,

[ ] [ ]

.

sub sub T D z = = (1.32)
Next the boundary conditions at these two extreme interfaces are enforced to obtain the following coupling equations:

21 23 1 2 2 31 33 2 41 43 0 0 f f x f x f T T U T T ik c U ik c R T T α α ρ ρ             - ⋅ =                   (1.33)
Finally, solving these equations enables to derive the reflection coefficient R(θ,f) for a system of isotropic layers as ( ) with, in accordance to Snell-Descartes law, 2 2 ; ;

, A JB R f A JB θ - = + ( 
z f x f f x k k k k c k c ω =- = = (1.37)

Stability issues in the implementation of the TM method

The transfer matrix method provides a simple and computationally efficient way to solve the equations of propagation of elastic waves in layered media [START_REF] Brekhovskih Lm | Waves in Layered Media[END_REF] [THOMSON50] despite it was soon discovered that it is inherently computationally unstable for layer thickness of several wavelengths. To address the much more complicated problem of general layered anisotropic media, Nayfeh developed the transfer matrix method, in its standard form, for general anisotropy [START_REF] Nayfeh Ah | Wave Propagation in Layered Anisotropic Media with Application to Composites[END_REF]. However, this method suffers the same type of instability than its counterpart for isotropic case.

To overcome the instability problem, Dunkin and Kundu proposed the delta matrix method, which alleviates the precision problem [START_REF] Jw | Computation of modal solutions in layered, elastic media at high frequencies[END_REF], [START_REF] Kundu | Elastic waves in multilayered solid due to a dislocation source[END_REF]. Castaings and Hosten successfully generalized the delta matrix method for multilayered media with monoclinic layers (orthotropic layers arbitrarily rotated about a symmetry axis) [START_REF]Transfer matrix of multilayered absorbing and anisotropic media. Measurements and simulations of ultrasonic wave propagation through composite materials[END_REF], [START_REF]Delta operator technique to improve the Thomson-Haskellmethod stability for propagation in multilayered anisotropic absorbing plates[END_REF]. However, the need for several third-order delta matrix operators of large size makes the method difficult to implement, especially when the media is anisotropic. Hosten also suggested performing certain numerical tests, in order to limit the large values that could cancel each other [START_REF] Hosten | Bulk heterogeneous plane waves propagation through viscoelastic plates and stratified media with large values of frequency domain[END_REF], [START_REF] Hosten B | Delta operator technique to improve the Thomson-Haskell-method stability for propagation in multilayered anisotropic absorbing plates[END_REF]. In the same vein, Balasubramaniam proposed a numerical truncation algorithm to impose a maximum threshold for the exponential term [START_REF] Balasubramaniam | On a numerical truncation approximation algorithm for transfer matrix method[END_REF]. Potel and Belleval also showed that a Floquet-wave formulation could improve the computational stability but in the limited case of periodic systems only [POTEL93].

A different approach, developed by Kennett and Fryer, called the wave reverberation method [START_REF] Kennett | Seismic Wave Propagation in Stratified Media[END_REF][START_REF] Fryer Gj | Seismic waves in stratified anisotropic media[END_REF], is widely used in seismology for wave propagation in layered media. Rokhlin and Wang used this method to obtain the reflection/transmission matrices for a generally anisotropic layer between anisotropic solids [START_REF] Rokhlin | Stable recursive algorithm for elastic wave propagation in layered anisotropic media: Stiffness matrix method[END_REF].

An alternative approach is the global matrix method Schmidt et al. demonstrated unconditionally computationally stable, if properly implemented [START_REF] Schmidt | A full wave solution for propagation in multi-layered viscoelastic media with application to gaussian beam reflection at fluid/solid interfaces[END_REF]. Besides, it is faster than the delta matrix algorithm because, due to the band structure of the global matrix, the computational effort is proportional to the number of layers N [START_REF] Kennett | Seismic Wave Propagation in Stratified Media[END_REF] when used for large number of layers N. The implementation of this method is done in a way similar to the one of large-scale finite element programs. For anisotropic multilayered media, Mal developed the global matrix method [START_REF] Mal | Wave propagation in layered composite laminates under periodic surface loads[END_REF].

Kausel and Roesset proposed a reformulation of the global matrix method for isotropic cases using stiffness matrices [START_REF] Roesset | Stiffness matrices for layered soils[END_REF]. It is different from the global matrix method in that the interface total displacements and stresses are found instead of the wave amplitudes. Wang and Rajapakse applied this method [START_REF] Rajapakse R | An exact stiffness method for elastodynamics of a layered orthotropic half-plane[END_REF] in orthotropic media with a plane of symmetry and by Wang and Rokhlin in monoclinic cross-ply composites [START_REF] Si | Analysis of Ultrasonic Wave Propagation in Multiply Composites[END_REF]. The main effort in the development of the method was expended on the thin layer approximation (the so-called "discrete formulation") of the stiffness matrix by using the finite element representation in the vertical direction [START_REF] Kausel | Thin-layer method: Formulation in the time domain[END_REF].

The Stiffness Matrix (SM) method

Motivation

The majority of the methods formulated for the numerical simulation of stratified structures rely on the transfer matrix (TM) approach. However, we already mentioned that this approach exhibits numerical instabilities. In the alternative approach, called the recursive stiffness matrix method proposed by Rokhlin and Wang [START_REF] Rokhlin | Stable recursive algorithm for elastic wave propagation in layered anisotropic media: Stiffness matrix method[END_REF], the layer stiffness of transfer matrix is calculated for each layer. A recursive algorithm is then applied in order to determine the total stiffness matrix for a stack of multilayers. The method has been demonstrated to be efficient and computationally stable for large layer thickness and high frequency. Since the stiffness matrix operates with total stresses and displacements, it also offers the possibility to account for an imperfect interface between two layers in a convenient way. This is particularly interesting in composite materials, in which imperfect interfaces are often to be considered. Also different boundary value problems are easily addressed due to the global stiffness matrix formulation in the form of interfacial stresses and displacements. The stiffness matrix method has the same computational efficiency than the standard transfer matrix method (computational effort proportional to N) and exhibits the same unconditional stability than the optimized global matrix method and the reflection matrix method.

In 2005, Tan et al. also proposed an efficient recursive algorithm of stiffness matrix method for a general multilayered anisotropic medium [START_REF] El | Stiffness matrix method with improved efficiency for elastic wave propagation in layered anisotropic media[END_REF]. Using the eigen-solutions commonly available for analysis of such medium, the recursive algorithm is able to return both total and surface stiffness matrices without the need for the intermediate layer stiffness submatrices.

Stiffness matrix for layer in anisotropic layered system

Giving a multilayered plate consisting of N arbitrarily anisotropic layers, the displacement vector U m in the m th layer may be written as the summation of six partial waves.

( ) k -wave vectors, respectively. The coordinate system is selected so that the x-z plane coincides with the incident plane and thus k y =0 in Eq. (1.38).

1 3 ( ) ( ) ( ) 1 j j x y z m z m i k x k y t ik z z ik z z m j j j j j
For each layer, the local coordinate originates at the top of the m th layer (z=z m-1 ) for waves propagating along the +z direction (a + ) and at the bottom of the m th layer (z=z m ) for waves propagating along the -z direction (a -). Such appropriate coordinate selection has proven to be very advantageous for improving computational results, but not sufficient to eliminate the computational instability for high frequency-thickness products [START_REF] El | A concise and efficient scattering matrix formalism for stable analysis of elastic propagation in multilayered anisotropic solids[END_REF], where C ijkl represents the layer elastic constants and ρ density.

Eq. (1.38) for the displacement vector on the upper (z=z m-1 ) U m-1 and lower surfaces (z=z m ) U m of the layer m can be represented in the matrix form:

1 m m u m m m m m m A E A A + + - - - + + - -       = =               u P P H u P H P (1.40)
where

1 2 3 (3 3) [ , , ] ± ± ± ± × = p p p p , 1 2 3 [ , , ] T m a a a ± ± ± ± = A
. Due to the above-described local coordinate selection, the elements in both H + and H -will decay for complex wave numbers as the thickness increased. If the z axis is a symmetry axis, then

j j z z k k - + = - , therefore, H -=H + .
This will be the case in the case of a monoclinic symmetry, which corresponds to an arbitrary rotation of the orthotropic layer around the symmetry axis z.

The stress component vector ( ) 
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A D D H E A D H D A

σ σ σ + + - - - - - + -       = =              (1.43)
where

1 2 3 , , D ± ± ± ±   =   d d d .
Eqs. (1.40) and

(1.43) relate the displacements and stresses on the layer surfaces to the wave displacement amplitudes A m . Substituting into Eq.

(1.43) the amplitude vector A m from Eq. (1.40), gives: 

1 1 1 ( ) m m u m m m m m σ - - -     =         σ u E E σ u ( 
m m u m m m m m K K K K σ -   × = =       E E (1.45)
One can also write Eq. (1.44) in the form 

1 1 1 = ( ) m m u m m m m m σ - - -             u σ E E u σ ( 
m m u m m m m m S S S S σ -   × = =       E E (1.47)
Considering the stiffness matrix for a lower half space with the coordinate origin at the surface, only three waves (A + ) propagate in the -z direction from the surface the infinity. The displacements and stresses can be obtained from Eqs. (1.40) and (1.43) respectively:

1 m P A + + -= u
, and

1 D m A + + -= σ
. Therefore the stiffness matrix K h for the half space is given by 1 1 1 

D (P )

m h m + + - - - = = σ K u (1.
+ + + - - - - - - - - -         = =                     u σ (1.49) m m m m m m m m m A A P H P W D H D A A + + + + - + + + - - -         = =                     u σ (1.50)
and substituting into Eq. (1.50) the amplitude vector A m from Eq. (1.49), yields,

(1.51)

where the relation between the transfer matrix B m and stiffness matrix K m is given by

1 1 1 1 1 ( ) m m m m m m m m m m m - - + -- - -       = =             u u u W W B σ σ σ
(1.52)

Recursive algorithm for the computation of the total stiffness (compliance)

To obtain the global stiffness matrix for a multilayered structure, a recursive algorithm based on the stiffness matrix for a single layer has been developed [START_REF] Si | Recursive asymptotic stiffness matrix method for analysis of surface acoustic wave devices on layered piezoelectric media[END_REF], in which the interface between each layer in the multilayered structure can be assumed to be perfect (continuity of displacement and stress) or not. The stiffness matrix for each layer is used to calculate the global stiffness matrix. Considering to start with the two first neighboring bonded layers, the first layer stiffness matrix K 1 =K A is given by

1 11 12 1 2 2 21 22 K K = A A A A u u K K σ σ                     (1.53)
and the second one K 2 =K B is given by 2 2 11 12

3 3 21 22 K K = B B B B u u K K σ σ                     (1.54)
Now relating σ 1 and u 1 to σ 3 and u 3 by excluding σ 2 and u 2 from Eqs. (1.52) and

(1.53) and combining the stiffness matrices for these two bonded layers gives: 

K ( ) K ( ) ) = ( ) ( ) A A B A A A B A B B B A A B B B A B u K K K K K K K u K K K K K K K K K σ σ - - - -   + - - -           - - -         (1.55)
Finally, naming the obtained matrix K A again and the stiffness matrix for the next layer B , enables to obtain the global stiffness matrix is obtained by the recursive use of Eq.

K 3 =K
1 1 1 1 1 ( ) m m m m m m m m m m m - - + -- - -       = =             u u u W W B σ σ σ 23 m M m K K K K K K K K K K K K K K K K K - - -- - - -- -- - --   + - - - =   - - -     (1.56)
where K M-1 is the total stiffness matrix for the top M-1 layers, K m are stiffness matrix elements for the m th layer.

For a single layer, the computational intensity of the transfer matrix B m and stiffness (K m ) or compliance (S m ) matrices is equivalent. For a multilayered structure, the global transfer matrix B for the multilayered structure is

1 2 3 N B B B B B = ⋅⋅⋅
(1.57)

Reflection and transmission coefficient

Using the recursive algorithm N-1 times, one can obtain the total stiffness matrix for the N-layered structure [START_REF] Wang | Stable reformulation of transfer matrix method for wave propagation in layered anisotropic media[END_REF]. The total stiffness matrix for the whole layered structure K follows 0 0 0 11 12

21 22 N N N m K K K K         = =                 σ u u K σ u u (1.58)
and the global compliance matrix S is defined as its inverse matrix 

1 0 0 0 0 =( ) ( ) f s f f f f s s f s s s lt lt ll ij ij ij t l t t t t ij ij ij S S t t t l t t ij ij ij R R R R R R R R R + + - - -       = - - +       R K P D K P D (1.64)
The transmission wave amplitude is represented as

1 1 22 1 21 ( ) T N N in - - - + + = - A D K P K RA (1.65)
and the transmission coefficient matrix T is

1 1 22 1 21 =( ) f s f f f f s s f s s s lt lt ll ij ij ij t l t t t t ij ij ij N N t t t l t t ij ij ij T T T T T T T T T - - - + +       = -       T D K P K R (1.66)
For layered orthotropic system in a plane of system, the formulation has the same format as those given above. One only needs to delete columns and rows corresponding to the anti-plane shear wave. Thus the dimensions of matrices and vectors become 2×2 and 2. So as soon as the total stiffness matrix has been obtained reflection and transmission coefficients can be easily determined [START_REF] Wang | Stable reformulation of transfer matrix method for wave propagation in layered anisotropic media[END_REF].

Other methods

Recursive asymptotic stiffness matrix method (RASM)

The exact computation of B (in Eq.1.62) requires finding the eigenvalues and eigenvectors of A. For small thickness d, a second-order asymptotic transfer matrix can be written as

[WANG02]: 1 ( ) 2 2 II d d d i i -     = - +         B I A I A (1.67)
The asymptotic solution can accurately represent the exact transfer matrix for small frequency thickness products (fd < 0.1 MHzˑmm). For a thick layer with thickness D, one can subdivide it into N thin layers with thickness d=D/N. The total transfer matrix B(D) for the thick layer is the product of the N thin layers.

1 1 ( ) ( / ) 2 2 N N II j d d B D B D N i i - =       = = - +               ∏ I A I A (1.68)

Scattering matrix method

In [PASTUREAUD02], Pastureaud and al. claim that the TM method is unstable because it aims at linking at every interface physical quantities that can be decoupled for large frequency-slowness-thickness (FST) products. Contrariwise, because the proposed scattering matrix method acts on the amplitudes of partial modes of each layer method, its unconditional stability is assumed as a result of energy conservation.

These authors successfully applied this method to derive the reflection matrix, but also the surface Green's function and the effective surface permittivity of the multilayer, possibly piezoelectric high frequency surface acoustic waves (SAW) filters, with frequency-thickness products up to a few tens of GHz•µm.

One can also refer to [START_REF] El | A concise and efficient scattering matrix formalism for stable analysis of elastic propagation in multilayered anisotropic solids[END_REF], in which a concise and efficient scattering matrix formalism for stable analysis of elastic wave propagation in multilayered anisotropic solids.

Surface impedance matrix method

Besides transfer matrix method and stiffness matrix method, another approach was proposed in 1972 by [START_REF] Li R | Elastic waves guided by a solid layer between adjacent substrate[END_REF] where a layered plate is included between two semi-infinite media. The problem, which consists in calculating the stress and particle velocity fields at any interface, was later used by [START_REF] Honein | Wave propagation in piezoelectric layered media with some applications[END_REF] in piezoelectric layered media and [START_REF] Hosten | Surface impedance matrices to model the propagation in multilayered media[END_REF] in stratified plates made of fluid layers and/or anisotropic absorbing solid layers.

Until now, we have introduced the general concepts of acoustic microscopy and various methods for simulating elastic wave propagation in both isotropic and anisotropic media. In the following we will introduce the general concept of eddy current testing.

General concept of Eddy current testing (ECT) 1.4.1 Introduction

Electromagnetic non-destructive evaluation (ENDE) is widely applied to various engineering applications, which involve energy, transportation, aerospace, marine and nuclear industries. Several techniques can be developed based on electromagnetism and electromagnetic field interaction with conductive specimens under inspection, such as eddy current testing (ECT), remote field eddy current testing (RFECT), magnetic flux leakage testing (MFLT). These methods can be taken as complementary approaches to other NDE techniques such as Ultrasonic testing, acoustic emission (AE), X-ray radiation, thermography, etc., in an effort to obtain a comprehensive understanding of the samples under study.

ECT is applied for the evaluation of structure and components in a wide range of engineering applications, especially for metallic structures. Traditional ECT employs an applied magnetic field, which is generated by a sinusoidal current with a single frequency applied in an induction coil, the driver coil. The applied magnetic field induces eddy currents in conductive specimens as the deriver coil is deployed close to the specimen. Any anomalies with the specimen cause perturbation of the eddy currents. As a result, the eddy current's induced field changes in terms of amplitude and phase. Pickup coils can measure the variation in magnitude and phase of the net magnetic field. By using inverse analysis of the measured signal, the anomalies can be detected and quantitatively evaluated.

Eddy current NDE uses frequencies ranging from several hertz to megahertz. In this low frequency range, the phenomena are governed by the quasi-static form of Maxwell's equations where the displacement current is assumed to be negligible. Consequently, the field is governed by diffusion-type equations rather than the wave equations of electromagnetic theory. In fact, the field induced by the coil exponentially decays inside metals. This decay is governed by a geometrical quantity called the skin depth, i.e., 
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Analytical modeling of ENDE

Analytical modeling provides closed-form solutions written in compact equations to differential equations that are derived from Maxwell's Equations, or equations derived from equivalent models based on physical phenomena. This approach has the merits of fast computation without loss of computation accuracy [LI08]. Fig. 1.4 illustrates the approaches in analytical modeling for ENDT, which can be classified into two categories according to the theories underlying the electromagnetic phenomena. The first approach is based on the electromagnetic induction between coils used in inspection systems and the conductive specimens. A model in the form of an equivalent circuit is built up, which is analogous to the circuit usually adopted in the analysis of transformers, since the electromagnetic phenomena in ENDT especially EC inspection is identical to that in transformers. The interaction of magnetic field with defects in conductive specimens is represented by mutual inductance in the equivalent circuit, which varies with the self-inductance of a single filament of excitation coil and specimens [LI08]. The other approach is based on the Maxwell's equations, which govern the electromagnetic phenomena. In ENDE inspection systems, differential equations derived from Maxwell's equations are used and predict the electromagnetic filed distribution as well as its variations. Indeed, the closed-form solutions of these equations bring out the macroscopic description of the electromagnetic field. The application of this approach to ENDE began with Dodd and Deeds' analytical modeling of EC inspection of a conductive half-space and a multilayered-layered plate as well as rod with probe-coil using integral expressions 

Introduction

Propagation of waves in free isotropic plates were first reported by Lamb in 1917 in his famous work [START_REF] Lamb | On waves in an elastic plate[END_REF], and followed by several authors [START_REF] Abubakar I | Free vibration of a transversely isotropic plate[END_REF], [Dayal89]

[NAYFEH89], [START_REF] Liu Gr | Lamb wave propagation in anisotropic laminates[END_REF]. Several salient contributions have been made [START_REF] Ewing E | Elastic Waves in Layered Media[END_REF],

[BREKHOVSKIH60], [VIKTOROV67], [START_REF] Kennett | Seismic Wave Propagation in Stratified Media[END_REF], [START_REF] Nayfeh Ah | Wave Propagation in Layered Anisotropic Media with Application to Composites[END_REF]. Propagation of free guided waves in anisotropic homogeneous plate has been studied in detail by authors, which provide an interesting picture of the rich dispersion characteristic of these guided waves

[THOMSON50] [SYNGE57] [SOLIE73].
Matrix methods have been extensively used for wave propagation problems in layered media. However, as mentioned in Chapter 1, direct applications of these methods using partial waves or transfer matrix formulation result in numerical problems known as exponential dichotomy. When the materials are anisotropic, the velocity potential method cannot be used and equivalently the partial wave method can be substituted. If the media are piezoelectric, one should consider 8 partial waves for each layer and solve the Christoffel's equation. Then the boundary condition matrix size becomes 8N, where N is the number of layers. For large N this results in unstable matrices, which have extremely large and small entries if the layers are thick as compared to the wavelength of ultrasonic waves [START_REF] Degertekin Fl | Application of surface impedance approach to ultrasonic wave propagation in layered anisotropic media[END_REF]. However, the problem of thick layers cannot be solved by this method and the layer thickness should be limited so that the frequency-thickness product (fd) does not exceed about 15 MHzˑmm. In addition to these exact methods, there have been some approximate approaches to the same problem, such as using Laguerre Polynomials. This method shows the advantage of being non-iterative, but the accuracy is degraded especially for large fd. Degertekin et al. firstly described the concept of surface impedance tensor, which is a result of the formulation of the state vector as the transfer matrix method [START_REF] Degertekin Fl | Application of surface impedance approach to ultrasonic wave propagation in layered anisotropic media[END_REF]. The effect of panel size is also analyzed specifically by some researchers [START_REF] Villot | Predicting the acoustical radiation of finite size multi-layered structures by applying spatial windowing on infinite structures[END_REF], [START_REF] Lee | Significance of resonant sound transmission in finite single partitions[END_REF], but in our case we assume that the sample is infinite in every direction parallel to the sample surface.

Recursive Stiffness Matrix method (RSM)

Stiffness matrix for layer in anisotropic layered system

Let us consider a multilayered plate, consisting of N arbitrarily anisotropic layers. In the m th layer, the displacement vector U m may be written as the summation of six partial waves.

( )

1 3 ( ) ( ) ( ) 1 j j x y z m z m i k x k y t ik z z ik z z m j j j j j m
a p e a p e e wave vectors, respectively. The coordinate system is selected so that the x, z plane coincides with the incident plane and thus k y =0 in Eq. (2.1).

For each layer, the local coordinate origin is chosen at the top of the m th layer (z=z m-1 ) for waves propagating along the +z direction (a + ) and at the bottom of the m th layer (z=z m ) for waves propagating along the -z direction (a -). Such coordinate selection has proven to be very useful for improving computational results; however, appropriate coordinate selection is not sufficient to eliminate the well-known computational instability for thicker layers and higher frequencies. 

The displacement polarization vectors

( ) 0 ijln j n il l c k k p ρω δ - = (2.2)
where C ijkl represents the layer elastic constants and ρ density.

Eq. (2.2) for the displacement vector on the upper (z=z m-1 ) U m-1 and lower surfaces (z=z m ) U m of the layer m can be represented in the matrix form

1 m m u m m m m m m A E A A + + - - - + + - -       = =               u P P H u P H P (2.3) where 1 2 3 (3 3) [ , , ] ± ± ± ± × = p p p p , 1 2 3 [ , , ] T m a a a ± ± ± ± = A
. Detailed illustration of this formula can be found in Appendix 2.

After tedious derivation, the layer stiffness matrix is defined as [START_REF] Rokhlin | Stable recursive algorithm for elastic wave propagation in layered anisotropic media: Stiffness matrix method[END_REF]:

11 12 1 21 22 K (6 6) ( ) m m u m m m m m K K K K σ -   × = =       E E (2.4) Where m E σ , u m E , ij m K are list in Appendix 2.
And the relationship between transfer matrix B m and stiffness matrix K m is given by 12 1 11 12 1

21 22 12 1 11 22 12 1 ( ) ( ) B (6 6) ( ) ( ) ( ) m m m m m m m m m m K K K K K K K K K - - - -   - × =   -     (2.5)

Mode solution

The guided wave characteristic equation for a layered anisotropic medium is obtained from the total stiffness matrix of the structure. If the top and bottom surface are free,

0 0 N σ σ   =     (2.6)
Resulting in the system of linear equations

0 0 N σ σ   =     K (2.7)
And the Lamb wave equation of dispersion is given by det(K)=0.

(2.8)

The characteristic equation for surface waves in a semi-infinite layered structure can also be easily found from the global stiffness matrix

1 1 1 1 ( ) N semi N N K D P + - - - + + =
(2.9)

As followed from above, substituting K semi and the total stiffness matrix K for the top layered structure into the recursive equation and taking the K 11 term, one can obtain the stiffness matrix for a layered structure on a semi-space

1 1 11 12 1 1 22 21 ( ( ) ) S N N - - - - + + = + - K K K D P K K (2.10)
where K ij are submatrices of the matrix K. The surface wave's dispersion equation for a structure with a free top surface is given by det( ) 0

S = K (2.11)
The characteristic equation for the guided waves in the structure of an anisotropic layered structure bounded by two semi-space solids can be determined as [START_REF] Wang | Stable reformulation of transfer matrix method for wave propagation in layered anisotropic media[END_REF]:

0 0 det( ) 0 S + + - = K P D (2.12)
When the middle plane of a one-layer sample is a plane of symmetry or in the case of a laminate with symmetrical stacking sequence, the dispersion equation for the anti-symmetric Lamb modes is given by:

2 22 24 11 13 12 14 ( )( ) ( ) 0 K K K K K K + - + + = (2.13)
and for the symmetric mode is given by

2 22 24 11 13 12 14 ( )( ) ( ) 0 K K K K K K - + + - = (2.14)

Hybrid Method as a combination of Stroh formalism and RSM for functionally graded multilayer

In order to solve the round-off error of the stiffness-matrix recursive algorithm [START_REF] Si | Recursive geometric integrators for wave propagation in a functionally graded multilayered elastic medium[END_REF] and the numerical instability of the transfer matrix method [START_REF] Rokhlin | Stable recursive algorithm for elastic wave propagation in layered anisotropic media: Stiffness matrix method[END_REF] for the thick layer solutions, we adopt the hybrid method that was introduced by Wang and Rokhlin [START_REF] Si | Recursive geometric integrators for wave propagation in a functionally graded multilayered elastic medium[END_REF]. This method first starts the recursive computation with the transfer matrices and then, as the thickness increases, swaps to the stiffness matrix recursive algorithm.

Stroh Formalism

In linear elasticity, the strain tensor is defined by: 1 2

j i ij j i u u x x ε   ∂ ∂ = +     ∂ ∂   (2.15)
where

1 2 3 ( ) ( , , ) x u u u = = U U
is the displacement at the place X and (x 1 , x 2 , x 3 ) are the Cartesian coordinates of X. This equation implies that:

ij ji ε ε = (2.16)
The stresses ij σ are related to the strains ij ε by the generalized Hooke's law:

3 , 1 , , 1, 2,3. ij ijkl kl k l C i j σ ε = = = ∑ (2.17) Here ( ) , , , 1,2,3 ( ) ijkl i j k l C C x C = = =
is the elasticity tensor. The law of balance of angular momentum implies that

ij ji σ σ = (2.18)
From Eq. (2.16) and Eq. (2.18) it is assumed that C has the minor symmetries already mentioned in Eq.(1.9) .

Then Eq. (2.17) can be written as:

k ij ijkl k l l u C i j x σ = ∂ = = ∂ ∑ (2.19) 3 , 1 , , 1, 2,3. 
The relationship between the stress ij σ and the stored energy W can be written as:

ij ij W σ ε ∂ = ∂ (2.20)
Combining Eq. (2.20) with Eq. (2.17), implies that , .

ijkl klij kl ij ij kl W C W C ε ε ε ε     ∂ ∂ ∂ ∂ = =       ∂ ∂ ∂ ∂     (2.21)
Hence C has the major symmetry:

, , , , 1, 2, 3.

ijkl klij C C i j k l = = (2.22)
As shown before, the elastic dynamic behavior of a generally anisotropic linear medium can be described by the equation of motion:

2 3 2 1 , , , . i ij j j u i x y z x t σ ρ = ∂ ∂ = = ∂ ∂ ∑ (2.23)
Substituting Eq. (2.19) into Eq. (2.23), gives:

2 3 2 , , 1 , 1, 2, 3. k i ijkl j k l j l u u C i x x t ρ =   ∂ ∂ ∂ = =   ∂ ∂ ∂   ∑ (2.24)
The solutions to Eq. (2.24) in two-dimensional deformations in an elastic body are:

1 3 ( ) x ik x x ct e α - + - = U a (2.25)
where a is a 3 elements column, = / Substituting Eq. (2.25) into Eq. (2.24), and noting that

1 3 1 3 ( ) ( ) 1 2 3 , 0, x x ik x x ct ik x x ct x x ik e i k e x x x α α α - + - - + - ∂ ∂ ∂ = - = = - ∂ ∂ ∂ U U U a a
(2.26) and ( ) ( )

1 3 1 3 2 ( ) ( ) 2 2 2 , x x ik x x ct ik x x ct x x ik c e k c e t t α α - + - - + - ∂ ∂ = = - ∂ ∂ U U a a (2.27) yields 2 2 1, 1 1, 3 3, 1 3 , 1,2,3 ijkl ijkl ijkl ijkl j l j l j l j l i k C C C C c α α ρ = = = = = = = = →     + + + =           ∑ ∑ ∑ ∑ a a
(2.28)

Introducing 3×3 real matrices:

1 1 1 2 1 3 2 1 2 2 3 3 3 1 3 2 3 3 ( ) i k i k i k ik i k i k i k ik i k i k C C C z C C C C C C     =       Γ (2.29)
Then, Eq. (2.28) can be rearranged as:

( ) ( ) 2 2 11 13 31 33 0 c α α ρ Γ Γ Γ Γ I a (2.30)
For the existence of a non-trivial vector ≠ a 0 , α must satisfy the sextic equation:

( ) ( ) 2 2 11 13 31 33 det 0 c α α ρ Γ Γ Γ Γ I (2.31)
This method is comparable to the method proposed by Nayfeh [START_REF] Nayfeh Ah | Wave Propagation in Layered Anisotropic Media with Application to Composites[END_REF] and Wang and

Rokhlin [START_REF] Rokhlin | Stable recursive algorithm for elastic wave propagation in layered anisotropic media: Stiffness matrix method[END_REF].

Next the traction on the plane x 2 =0, produced by the displacement Eq. (2.25) shall be derived. On the plane, x 2 =0, the traction is:

3 1,2,3 ij j i σ = ↓   =     ∑ T (2.32) Noting that 3 , 1 k ij ijkl k l l u C x σ = ∂ = ∂ ∑ (2.33) It comes 1 3 ( ) 3, 1 3, 3 1,2,3 x ik x x ct x ijkl ijkl j l j l i ik C C e α α - + - = = = = ↓   = - +     ∑ ∑ T a (2.34)
Using the introduced matrices ik Γ , Eq. (2.34) can be expressed as:

( )

1 3 ( ) 31 33 x ik x x ct x ik e α α - + - = - + T Γ Γ a (2.35)
Combing Eq. (2.25) and Eq. (2.35), gives ( )

31 33 x ik α = - + T Γ Γ U (2.36)
Since 33 Γ is proved to be positive definite [START_REF] Tanuma | Stroh Formalism and Rayleigh Waves[END_REF], from Eq. (2.36) one gets 

1 1 33 31 33 1 x ik α - -   = - -     U Γ Γ U Γ T (2.
1 x x x x ik c ik ik ik c α ρ ρ - - - -   = - + - -     = - - - T Γ I U Γ Γ Γ U Γ T Γ Γ Γ Γ I U Γ Γ T (2.40)
Thus, from Eq. (2.37) and Eq. (2.40) one obtains ( )

1 1 33 31 33 1 2 1 11 13 33 31 13 33 1 x x ik ik c α ρ - - - -   - -       =             - - -   Γ Γ Γ U U T T Γ Γ Γ Γ I Γ Γ (2.41) or α     =         U U N T T (2.42)
where ( )

1 1 33 31 33 1 2 1 11 13 33 31 13 33 1 = x x ik ik c ρ - - - -   - -       - - -   Γ Γ Γ N Γ Γ Γ Γ I Γ Γ (2.43)
Derivation of the Eq. (2.25) and Eq. (2.36) with respect to x 3 , yields 

1 3 ( ) 3 = x ik x x ct x x ik e ik x α α α - + - ∂ = - - ∂ U a U (2.44) ( ) ( ) ( ) 31 33 31 33 3 3 3 = x x ik ik x x x α α ∂ - + ∂ ∂ = - + ∂ ∂ ∂ Γ Γ U T U Γ Γ (2.
)

31 33 3 = x x x ik ik ik x α α α ∂ = - + - - ∂ T Γ Γ U T (2.46)
Combining Eq. (2.44) and Eq. (2.46) and using the introduced vector =

      U ξ T , gives 3 x ik x α ∂ = - ∂ ξ ξ
(2.47) Substituting Eq. (2.41) into (2.47) results in:

( )

1 1 33 31 33 1 2 1 3 11 13 33 31 13 33 1 x x x d ik ik dx ik c ρ - - - -   - -   = -    - - -   Γ Γ Γ ξ ξ Γ Γ Γ Γ I Γ Γ (2.48) Since c= x k ω , Eq.
(2.48) can be rearranged as:

3 3 ( ) d iA x dx = ξ ξ
(2.49) where ( )

1 1 33 31 33 3 2 1 2 1 11 13 33 31 3 13 33 ( )= ( ) x x x k i x ik i x k ρ ω - - - -   -   - - +     Γ Γ Γ A Γ Γ Γ Γ I Γ Γ (2.50)
If the displacement vector is defined as

1 3 ( ) x ik x x ct e α + - = U a , then ( 
)

1 1 33 31 33 3 2 1 2 1 11 13 33 31 3 13 33 ( )= ( ) x x x k i x ik i x k ρ ω - - - -   - -   - - + -     Γ Γ Γ A Γ Γ Γ Γ I Γ Γ (2.51) (1) If ξ is defined by = i       U ξ T (2.52)
Then, A(x 3 ) can be expressed as [START_REF] Leiderman R | Scattering of ultrasonic waves by defective adhesion interfaces in submerged laminated plates[END_REF], [SHUVALOV04]:

( )

1 1 33 31 33 3 2 1 2 1 11 13 33 31 3 13 33 ( )= ( ) x x x k x k x k ρ ω - - - -   - -   - - -     Γ Γ Γ A Γ Γ Γ Γ I Γ Γ (2.53) (2) If ξ is expressed in Thompson-Haskell's formulation [THOMPSON50], [HASKELL53]: = iω       U ξ T (2.54)
Then, A(x 3 ) can be expressed as [SHUVALOV04]:

( )

1 1 33 31 33 3 1 1 11 13 33 31 3 13 33 ( )= ( ) x x x x k x ik s i x k ω ωρ - - - -   -   - - + -     Γ Γ Γ A Γ Γ Γ Γ I Γ Γ (2.55)
Where s is the s x (k x /ω)is the x 1 -component of the slowness (s=1/v, k=sω).

(3) If ξ is expressed in the form:

1 = ik -       U ξ T (2.56)
Then, A(x 3 ) can be expressed as [SHUVALOV04]:

( )

1 1 33 31 33 3 1 2 1 11
13 33 31 3 13 33 ( )= ( )

x x k x c ρ - - - -   - -   - - -     Γ Γ Γ A Γ Γ Γ Γ I Γ Γ
(2.57)

Implementation of the Hybrid method

Let one consider a generally anisotropic medium and a harmonic wave of the form ( ) ( )

x i t k x z e ω x - propagating along the x-axis in a (x, y, z) coordinate system; ω=2πf is the angular frequency, 2 x x x k V ω π λ = =
is the wave number, V x is the phase velocity and λ f is the wavelength along the x-axis. Defining a state vector = U

T x      
, where U is the general displacement and T the general stress on the x-y plane, for pure elastic problems.

, ,

x y z u u u   =   U and , , xz yz zz σ σ σ   =   T
are the particle displacement and normal stress vectors respectively. Based on the Stroh formalism [START_REF] Stroh | Steady state problems in anisotropic elasticity[END_REF], one can represent the governing equation for the state vector ξ by a system of differential equations as described by Eq. (2.49):

( )

d i z dz = ξ A ξ
As mentioned above, the matrix A is a function of material properties, wave number and frequency. The explicit formulation for generally anisotropic magneto-electro-elastic media is given below

31 2 2 ' 11 13 31 13 ( ) ( ) ( ) ( ) ( ( ) ( ) ( ) ( )) ( ) ( ) ( ) x x x k z z i z z i z z z z k i z k z z ρ ω - -   =   - - + -   X Γ X A Γ Γ X Γ I Γ X (2.58)
where,

( )

1 33 - = X Γ
is the inverse matrix of 33 Γ . ' I is the 5×5 identity matrix but with zero (4,4) and (5,5) elements. The 5×5 matrices ik Γ are related to the elastic, piezoelectric, piezomagnetic moduli, as well as the dielectric and magnetic permeabilities by

1 1 1 2 1 3 1 1 2 1 2 2 3 3 1 1 ' 3 1 3 2 3 3 1 1 1 2 3 1 2 3 1 0 0 0 0 01 0 0 0 ( ) , 0 01 0 0 0 0 0 0 0 0 0 0 0 0 i k i k i k k i k i i k i k i k k i k i ik i k i k i k k i k i i k i k i k ik ik i k i k i k ik ik C C C e q C C C e q z C C C e q I e e e q q q ε α α µ                 Γ = =     - -         - -     (2.59)
For media with general anisotropy but without magneto-electro properties the matrix ik Γ becomes a (3×3) matrix and for materials with piezoelectricity ik Γ is a 4×4 matrix (without piezomagnetic elements).

To solve Eq. (2.49) , a state transfer matrix B, which relates the state vector ξ(z 0 ) at z 0 to that ξ(z) at z is defined.

0 0 ( ) ( , ) ( ) z B z z z x x = (2.60) Substitute Eq. (2.60) into Eq. (2.49), which gives 0 0 ( , 0) ( ) ( , ) ( ) 0 d z z i z z z z dz x   - =     B A Β (2.61)
In order to satisfy this equation for arbitrary ξ(z 0 ), the left-hand side matrix has to be null, which leads to the differential equation for B:

0 0 0 0 ( , ) ( ) ( , ), ( , ) , d z z i z z z z z dz = = B A B B I (2.62)
where I is the identity matrix.

In addition to the transfer matrix B, a stiffness matrix K that relates the general stresses at z 0 (T(z 0 )) and z (T(z)) to the general displacements U(z 0 ) and U(z) can be defined as:

0 0 0 ( ) ( ) ( , ) ( ) ( ) T z U z K z z T z U z     =         (2.63)
From the definition of B and K, the relation between them is determined:

1 1 12 11 12 1 1 21 22 12 11 22 12 ( ) ( ) ( ) ( ) B B B K B B B B B B - - - -   - =   -     (2.64) 1 1 12 11 12 1 1 21 22 12 11 22 12 ( ) ( ) B ( ) ( ) ( ) K K K K K K K K K - - - -   - =   -     (2.65)
where K ij and B ij (i,j=1,2) are the submatrices of K and B, respectively.

For homogeneous media, A is a constant matrix and the transfer matrix solution B(z 1 ,z 0 ) of Eq.

(2.63) for a homogeneous layer between z 0 and z 1 is written exactly in the form of a matrix exponential 1 0 ( , )

i h z z e = A B
(2.66)

For a layered structure, the computational algorithm to obtain the total stiffness matrix using the hybrid method can be separated into the following steps:

(1) Obtain the layer transfer matrix for each homogeneous layer of the layered structure using Eq. (2.66).

(2) Calculating the stiffness matrix for each homogeneous layer of the layered structure using Eq. (2.66).

(3) Obtain the total stiffness matrix for the layered structure by combining all layer stiffness matrices using the recursive algorithm derived by Rokhlin and Wang

[WANG02b]:

(4) Calculate the reflection coefficient of the layered structure.

The calculating process can be illustrated by the flowing flow chart: The derivation of the reflection and transmission coefficient will be presented in Section 2.3.3.

At the same time, the top surface stiffness K s (T n =K x U n ) can be obtained by calculating recursively only the

K 22 M (=K s M
) element in Eq. (2.64). After the total surface stiffness matrix for the layered substrate or the total stiffness matrix for a layered plate is obtained, the generalized Green's function G and effective permittivity ε eff could be easily determined (See Appendix 3).

Multilayer anisotropic structure immersed in fluid 2.3.3.1 Derivation of the reflection and transmission coefficients

Once the stiffness matrix K for the whole layered structure is obtained, the global compliance matrix can be calculated as:

11 12 1 21 22 S S S K S S -   = =     (2.67)
Then, the global transmission coefficient for laminates immersed in fluid can be calculated as: 

( )( ) ( )( ) S S S S R S S S S -Λ -Λ - = + Λ -Λ - (2.69)
where, 33 ij S are the elements in the matrix S ij (3×3) of the total matrix and =cos /(i V )

f f θ ωρ Λ (2.70)
with θ the angle of incidence, ρ f and c f the fluid density and sound velocity respectively.

The efficiency of the hybrid method (stiffness matrix method + Stroh formalism) for the calculation of reflection coefficient can be verified by numerical simulation of wave propagating in thick multilayered anisotropic layer. For convenience, we compare our simulation results with examples of numerical studies in the literature.

Validation of simulation by comparison with references

In previous section, we have derived the analytical formulation for calculating reflection and transmission coefficient of materials immersed in fluid. Now we will implement this formula and prove the validation and efficiency of this method. To do this, we first study the case of wave propagation in layered anisotropic composites, with and without attenuation. layout with a total thickness of 795 mm). The elastic properties of the laminate are listed in Table 2.1 below. The density and thickness of one laminate are 1.6 g/cm and 0.194 mm, respectively.

The incident plane is oriented at 0° relative to the top laminate and frequency is 3 MHz. Results are compared to the numerical simulation of [START_REF] Rokhlin | Stable recursive algorithm for elastic wave propagation in layered anisotropic media: Stiffness matrix method[END_REF]. Excellent agreement is observed

(a) (b)

between the two models, indication that the hybrid method is powerful tool for the calculation of thick mutli-layered anisotropic medium.

In order to further explore the potential implementation of the hybrid method, simulation on composite with attenuation is carried out. The simulation results are compared to model and experimental results obtained by [START_REF] Deschamps M | The effect of viscoelasticity on the reflection and transmission of ultrasonic waves by an orthotropic plate[END_REF]. This composite material is a stack of 30 unidirectional carbon fibers bound in an epoxy matrix, with a total thickness of 3.434 mm.

The final mass density is ρ=1.5 g/cm 3 . The elastic properties and viscosity properties of the material are given in Table 2.2. The schematic diagram of the experimental system is presented in Fig. 2.3, where θ 1 is the angle of incidence and ϕ is the angle of rotation with respect to axis X. 

0 ij ij ij C C iωη = - (2.71)
As shown in the next three figure, the amplitude of both reflection and transmission coefficient greatly decrease in case of attenuation compared to the case of non-attenuation.

Excellent agreement between both experimental and simulation results of Deschamps and the results calculated based on Eq. (2.68) and Eq. (2.69) is observed in the figure. In the Stroh formalism [START_REF] Stroh | Steady state problems in anisotropic elasticity[END_REF], the governing equation for the state vector =      

U ξ T

, where and U is the general displacement vector and T is the general stress on the x-y plane, is represented by a system of differential equations:

( ) d i z dz = ξ A ξ .
(2.72) For purely elastic problems, , ,

T x y z u u u   =   U and , , T xz yz zz σ σ σ   =   T
are the particle displacements and normal stress vectors respectively.

Considering a harmonic wave propagating along the x-axis of the form ( ) ( )

x i t k x z e ω x - ,
then the governing Eq. (2.72) can be written as a linear system of equations in terms of the state vector [START_REF] Mal | Wave propagation in layered composite laminates under periodic surface loads[END_REF], [START_REF] Barber Jr | Three-dimensional solutions for general anisotropy[END_REF], [START_REF] Ting Tct | Classifications of surface waves in anisotropic elastic materials[END_REF], [START_REF] Tanuma | Stroh Formalism and Rayleigh Waves[END_REF]. Then A is the fundamental acoustic tensor, which can be written as a (6×6) matrix whose terms are related to the elastic properties of the material [START_REF] Adler El | Matrix Methods Applied to Acoustic Waves in Multilayer[END_REF], [START_REF] Si | Recursive geometric integrators for wave propagation in a functionally graded multilayered elastic medium[END_REF].

To solve Eq. (2.72), Wang introduced the state transfer matrix B to relate the state vector ξ(z) at z to the state vector ξ(z 0 ) at z 0 according to [START_REF] Si | Recursive geometric integrators for wave propagation in a functionally graded multilayered elastic medium[END_REF]: (2.74)

0 0 ( ) ( , ) ( ) z z z z = ξ B ξ . ( 2 
For homogeneous layer between z 0 and z 1 , A is a constant matrix. Then, the transfer matrix B can be written in the form of a matrix exponential:

1 0 ( , ) i d z z e = A B
(2.75)

where d = z 1 -z 0 , is the thickness of the layer.

For a multilayer medium, the transfer matrix of the n th layer satisfies:

1 1 ( ) ( ) ( ) ( ) ( ) n n n n z z n z z - -     =         U U B T T .
(2.76)

The total transfer matrix B relates the state vector at the bottom to the one at the top surface of the layered coating as follows:

0 0 ( ) ( ) ( ) ( ) n n z z coat z z     =         U U B T T . (2.77)
Hence, B total is expressed by the product of the transfer matrix B n of each layer as:

( ) coat 1

n i i = ∏ = B B .
(2.78)

It is worth mentioning that as the layer thickness increase, the transfer matrix B(n) in Eq.

( 

n n n n n n n n n n - - - -   - =   -     B B B K B B B B B B
(2.79) where (i,j=1,2) are the 3×3 submatrices of the transfer matrix of the nth layer B(n). Then, the total stiffness matrix from the bottom to the top of the layer is obtained by using a recursive algorithm as: 

1 1 1 1 1 1
( ) ( ) ) ( ) ( ) M M m M M M m M m M m m M M m m m M m - - -- - - -- -- - --   + - - - =   - - -     K K K K K K K K K K K K K K K K K K K (2.80)
where K M is the total stiffness matrix for the top m layers, K M-1 is the total stiffness matrix for the top m-1 layers, K m are stiffness matrix elements for the mth layer. Finally the expression of the total transfer matrix in Eq. (2.78) is:

12 1 11 12 1 21 22 12 1 11 22 12 1 ( ) ( ) ( ) ( ) ( ) M M M coat M M M M M M - - - -   - =   -     K K K B K K K K K K (2.81)
where (i,j=1,2) are the 3×3 submatrices of the total stiffness matrix K M .

For the substrate, we choose to use the matrix decomposition method employed by Wang and

Rokhlin [START_REF] Si | Recursive geometric integrators for wave propagation in a functionally graded multilayered elastic medium[END_REF]. First, the transfer matrix of substrate B sub is calculated by Eq. (2.75), and decomposed in the following form:

1 1 0 0 ( ) sub B - - + - - + - + + - - +       =             P P H P P D D H D D (2.82) ij n B ij M K 52
where the "-" and "+" superscripts represent the wave propagation in the -z and +z direction respectively, and represent the displacement polarization vector of the plane waves and the corresponding amplitude of stress components in the x-y plane respectively, and is a diagonal matrix with the main diagonal containing the six eigenvalues of k z in its exponential form. It was observed that this matrix decomposition method gives the same result than methods that traditionally solve the Christoffel equation and aim at obtaining the wavenumbers k z [START_REF] Rokhlin | Stable recursive algorithm for elastic wave propagation in layered anisotropic media: Stiffness matrix method[END_REF], [START_REF] Nayfeh Ah | Wave Propagation in Layered Anisotropic Media with Application to Composites[END_REF].

For a substrate with a semi-infinite depth, we assume that there is no reflection from the bottom of the substrate. Thus, the state vector at the top surface of the substrate can be rearranged as:

m sub sub - + + - - -+       =             U P P H A T 0 D D H (2.83) with [ ] 1 2 3 , , T m T T T -= A , (2.84) 
where, T 1 , T 2 and T 3 are the amplitudes of the longitudinal and the two transversal waves transmitted in the substrate (as illustrated in Fig. 1.3) respectively. Then, we obtain:

1 0 2 0 3 ( ) 1 = ( ) sub T z T coat z T - -         -× ×               U P B T D (2.85)
where, 0 0 ( )

( ) z z       U T
is the state vector at the top surface of the coating. Now, taking into consideration the boundary condition on the fluid/layer interface yields:

0 0 0 1 0 0 2 0 3 0 0 1 0 0 0 0 0 cos / cos / = 0 0 0 0 0 0 0 0 0 0 x y x f f z y in xz yz f f zz u u u T V V u u A T T R i i θ θ σ σ ωρ ωρ σ                             -       + = ×                                     - -             M 1 0 0 0 (2.86)
where R is the reflection coefficient and A in is the incident acoustic amplitude and the matrix M is defined by:

± P ± D ± H 1 sub total - -   - = ×     P M B D . (2.87)
Finally, by choosing the incident wave amplitude A in as unity, the linear equation of Eq. (2.86) is solved using Cramer's rule, and the obtained reflection coefficient is: 

1 2 1 2 Q Q - = + Z Z R Z Z (2.88) 43 52 42 53 1 1 2 2 ( ) , f i Q ωρ - = + M M M M T Z Z (2.89) 41 53 43 51 2 1 2 2 ( ) , f i Q ωρ - = + M M M M T Z Z (2.90) 42 51 41 52 3 1 2 2 ( ) , f i Q ωρ - = + M M M M T Z Z (2.
= M M M Z M M M M M M , / cos f f Q i V ωρ θ = .
where, M ij is the (i,j) element of the matrix M in Eq. (2.88).

In the case of a substrate without coating, the matrix M in Eq. (2.88) is simplified as follows:

sub - -   =     P M D . (2.92)
and the formula used to compute the reflection coefficient remains as defined by Eq. (2.88).

Illustrations of such reflection coefficients of coated metallic substrate will be found in Chapter 3.

Conclusion

In this chapter, acoustic wave propagation in a multilayered medium with and without a substrate is discussed. The reflection and transmission coefficient of the acoustic wave is derived using a hybrid method which using Stroh formalism and RSM method. Both numerical and analytical results are studied and validated by comparison of our numerical simulation of acoustic wave propagation with experimental and numerical results from the literature. For instance, in a thick anisotropic composite, the obtained excellent agreement indicates that the hybrid method is efficient of the calculation of reflection and transmission coefficient of the acoustic wave in an anisotropic multilayered medium. Furthermore, numerical study of the acoustic wave propagation in a thermal sprayed coating on substrate is presented.
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Chapter 3 Acoustic microscopy of thermally sprayed coatings Abstract Acoustic microscopy of multilayered media as well as functionally graded coatings on substrate necessitates to model acoustic wave propagation in such materials. In the previous chapter, we showed how the use of Stroh formalism combined with the recursive stiffness matrix method enables to obtain the reflection coefficient of acoustic waves on these systems

Because this allowed us to address the numerical instability of the conventional transfer matrix method, remarkable simplification and computational efficiency were obtained.

To adapt this model to the experimental setup at our disposal, we proposed a modified formulation of the angular spectrum of the transducer based on the theoretical analysis of a line-focus transducer for broadband acoustic microscopy.

A thermally sprayed coating on substrate is then treated as a functionally graded material along the depth of the coating and is approximately represented by a number of homogeneous elastic layers with exponentially graded elastic properties. The agreement between our experimental and numerical analyses on such thermal sprayed coatings with different thickness confirms the efficiency of the method. We proved the ability of the inversion procedure to independently determine both thickness and gradient of elastic properties, what offers the perspective to non-destructively measure these features in functionally graded materials.

Note : this chapter broadly outlines results published by the author in the reference article:

Deng X. D., Monnier T., Guy P., Courbon 

Theoretical model

Point-focus transducer

A point-focus beam excites wave modes propagating in radial directions on the specimens and hence a mean value of elastic properties around the axis of the lens can be measured. Thus, point-focus microscopy can be used for characterizing isotropic material as well as imaging.

For a point-focus transducer, acoustic V(z) curve can be calculated using the following formula [START_REF] Zhang | Theoretical and experimental response for large-aperture broadband spherical transducer probing a liquid-solid boundary[END_REF].

(3.1)

Where P(θ,ka) is the so-called pupil function, which can be expressed as:

(3.2) where θ is the angle of incidence; a is radius; k is the wavenumber and β is the aperture angle.

Instead of calculating the precise pupil function, Zhang has shown that it can be approximated by:

(3.3) Where (3.4)
where ∆β is the half angle of transition.

The reflection coefficient R(θ) contained in the model for calculating the V(z) curve is independent from the shape of the transducer and can be analyzed for various film/substrate systems.
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Cylindrical transducer

Method and hypotheses

Compared to a point-focus lens, a line-focus lens generates wave modes propagating in a specific direction, namely normal to the focal line, and thus it is particularly useful for measuring velocities and hence elastic constants in anisotropic materials. An excellent exposition of acoustic microscopy can be found in the book of Briggs [START_REF]Acoustic Microscopy[END_REF].

The general setup of a line-focus transducer sketched in Fig 3 .1(a), represents a cut perpendicular to the generatrix of the cylindrical transducer, which is machined to form a line-focus. We suppose that all the points of the radiating surface vibrate in phase and have uniform amplitude of particle velocity. The half aperture β has to be large enough to be able to excite leaky Rayleigh waves in most solids. The distance between the water-specimen interface and the focal plane is denoted z. By convention, the focal position corresponds to z=0, and the displacement of the specimen away from the transducer is taken as positive. We assume that the specimen is a solid plane reflector and also assume that the coupling fluid (pure water) is ideal. Finally, the radiation of the acoustic waves will be expressed by using the angular spectrum approach [START_REF] Lee Yc | V(z) curves of layered anisotropic materials for the line-focus acoustic microscope[END_REF]. This formulation is valid for plane waves and is applicable for a wide aperture angle transducer relying on the fact that the secondary diffraction due to the curvature of the wavefront can be ignored when the size of the source is large in comparison to the wavelength, and when the transducer works in pulse-echo mode [START_REF] Zhang | Theoretical and experimental response for large-aperture broadband spherical transducer probing a liquid-solid boundary[END_REF]. The short wavelength requirement is easily satisfied since the interest is not put on very low frequencies, for which efficient focusing cannot be realized.

Angular spectrum approach and V(z) integral

Based on the work of Lee et al., the output voltage of the line-focus transducer can be written as [START_REF] Lee Yc | V(z) curves of layered anisotropic materials for the line-focus acoustic microscope[END_REF]:

( ) ( ) ( ) 1 2 exp 2 ( ) ( ) z x x x x V z ik z L k L k R k dk +∞ -∞ = ∫ (3.5)
where k x and

2 2 z f x k k k = -
are the horizontal and vertical components of the wave vector respectively, k f is the magnitude of the wave vector in the coupling fluid, is the reflection coefficient of the fluid-loaded specimen, L 1 (k x ) is the angular spectrum of the incident wave field at the focal plane and L 2 (k x ) is the response of the transducer when a plane wave of unit amplitude and wave vector (k x , k z ) is insonifying the lens. The expressions of these characteristic functions of the acoustic lens can be found in [START_REF] Lee Yc | V(z) curves of layered anisotropic materials for the line-focus acoustic microscope[END_REF] and are not transcribed here. Knowing that in our line-focus transducer, made of polyvinylidene fluoride (PVDF), is directly machined to form a line-focus transducer (Fig 3 .1b) the radius of curvature is also the focal distance of the transducer and the acoustic refraction phenomena at the boundary between the fuid and the curved part of the lens are no to be accounted. This leads L 1 to be equal to L 2 , whose expression is given by: ( )

2 2 1 2 ( ) ( ) exp sin( ) cos( ) x x x f x L k L k i k k k d β β ρ θ θ θ - = = + - ∫ (3.6)
where θ is the incident angle on the specimen and β is the half aperture of the transducer.

Identification of propagative modes

The reflection coefficient calculated by Eq. (1.34) can be used for parametric studies as well as used for wave mode identification. Furthermore, the phase velocities of the possible ( )

x R k 61 surface acoustic wave (SAW) modes and their corresponding mode reflection coefficients can be predicted for an arbitrary system of coating on substrate. Thus Eq. (2.88) can be used as a predictive formula to estimate which frequency should be applied for the characterization of a certain kind of coated material. Numerically solving this equation provides the velocities and the amplitude of the wave modes keen to propagate. The vanishing of its denominator is the characteristic equation of the layered medium on substrate. (3.8)

The magnitude of the reflection coefficient at the critical angle θ cr indicates how strongly the wave mode will be reflected [START_REF] Zq | Integration of modeling and acoustic microscopy measurements for thin films[END_REF].

In the next section, we will use these kinds of waves for the evaluation of the thermal sprayed coated material. To do so, we will measure the acoustic response (V(z)) of the material and compare the results with the modeling, which requires the calculation of reflection coefficients. Studying the dispersion curve is important because this can give us useful information about the frequency to be chosen for the V(z) measurement.

The next two paragraphs will show illustrations of the results of our simulations in terms of reflection coefficient and dispersion curves, based on the above criteria, of a simple system consisting of a single layer 22-type Hastelloy coating on a type 304 austenitic stainless steel substrate. small decrease from the Rayleigh wave velocity of the substrate, and then goes to the Rayleigh wave velocity of the layer. This kind of so-called true SAW wave, as named by [START_REF] Zq | Integration of modeling and acoustic microscopy measurements for thin films[END_REF], is strongly reflected and can be easily picked up by a line-focus microscopy at small fd. Pre-Rayleigh waves, also named by Guo et al. may exist and their phase velocities decrease from a velocity lower than the longitudinal velocity of the layer V L at small fd to the Rayleigh wave velocity of the layer at high fd, which is slightly below the shear velocity of the layer V S [START_REF] Zq | Integration of modeling and acoustic microscopy measurements for thin films[END_REF]. Still higher-order wave modes propagate at velocities higher than the longitudinal velocity of the layer. These generalized Lamb wave modes appear after certain cut-off frequency thickness product with decreasing phase velocity except some small fluctuation and they have smaller reflection coefficients. The same authors demonstrated that these kinds of waves could also be picked up by line-focus microscopy as their reflection coefficients reach a higher level [START_REF] Zq | Integration of modeling and acoustic microscopy measurements for thin films[END_REF]. In this study, the operating frequency of the transducer is in the range of 0 to 20 MHz, with a coating layer thickness around 200 μm, which gives a fd range of 0 to 4 MHz·mm. This guarantees that the transducer picks up the true SAW wave.

Illustration of reflection and transmission coefficients

Illustration of Dispersion curves

Experimental setup

A schematic of our transducer is shown in In this study, two kinds of materials are investigated. One is a bulk Inconel 600 stainless steel with finely measured properties such as density, longitudinal velocity and transversal velocities. This kind of material is used in order to validate V(z) modeling of the line-focus microscopy, which will be discussed in Sec. The discrepancy between the modeling and experiment may be due to the V(z)

E (GPa) σ V L (m/s) θ L (°) † V S (m/s) θ S (°) † V R (m/s) θ R (°

Results and discussion

V(z) curves of Inconel 600 bulk material

experimental error and measurement error of the Inconel 600 bulk material properties. curve behaves like the one of the bulk substrate, i.e., V s (z). As the thickness of the coating increase, the properties of the coating begin to dominate the reflected acoustic signals and the V(z) curve is similar to the one of the bulk coating material, i.e., V c (z). It is also shown that the V(z) curve of the coating thickness of 170 μm is the most discriminative compared to the curves of both V s (z) and V c (z) at 6 MHz, with a frequency thickness product fd = 1 MHz·mm.

V(z) curves of coatings on substrate

In other words, 6 MHz is the most suitable frequency to measure a coating of thickness 170 μm. For coatings of other thicknesses, other frequencies should be applied, keeping fd in the 0.5 to 3 MHz•mm range. Outside this range, the measured curves become too close to V s (z) or V c (z), and the coating thickness measurement is less accurate. . Therefore, for the analysis of the properties of the materials under evaluation higher weight will be put on the negative defocus (z<0), i.e., the left parts of the V(z) curves. 

Data inversion and coating thickness measurement

For layered system on substrate, a 22-type Hastelloy coating thermally sprayed on an aistenitic stainless steel substrate of type 304 is investigated. The surface of the substrate has been shot-peened to increase the adhesion of the coating. Various coating thickness ranging from 100 to 400 μm have been tested. Every sample was slightly polished in order to eliminate the effect of the roughness of the coating.

The measured V(z) curves are functions of the parameters of the transducer (focal length, aperture angle), the properties of the material such as elastic tensor elements C ijkl , density ρ, coating thickness d, and the applied frequency f as well as the properties of the coupling fluid.

The bounding condition of the coating and the substrate also affect the measured V(z) curves, but in this chapter perfect interfacial conditions were considered. 

Initial guesses of material properties

E i , ν i , ρ i , d i , ...

Theoretical V(z) curve by modeling Experimental V(z) curve Deviation E R
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Iteration by hybrid method

An inverse analysis (or optimization process) was carried out to fit the V(z) curves and to obtain the coating parameters such as coating thickness d, the average (or mean) value of Young's modulus E within the "remaining thickness of the coating", density ρ and Poisson ratio ν. Trial values were set into the V(z) model and a hybrid minimization method using genetic algorithm coupled with a constrained minimum search function was used to find a set of values of the unknowns that minimizes the deviation between calculated and measured velocities. The deviation function to be minimized is defined as:

( )

2 1 1 ( ) ( ) N Measured Calculated R n n n E V z V z N =   = -     ∑ , (3.10)
where N is the number of measured points in z direction. An illustration of the data inversion process is presented in Fig. 3.11. During the data inversion process the Poisson ratio and the density are assumed to be constant since V(z) curve is not sensitive to Poisson ratio as illustrated in Sec. 3.3.2 and the V(z) curves are measured on one sample. To our knowledge, according to the conditions of the thermal spraying process, no variation of density is expected within the coating. By this minimization process, the coating thickness and average Young's modulus E are obtained and the results are plotted in Fig. 3.12. In Fig. 3.12, an excellent agreement is observed between the coating thickness estimated by V(z) reverse analysis of V(z) curve and actual coating thickness measured using a micrometer caliper. As the estimated thickness is 100% correlated to the actual thickness, we do not fear any compensation effects between the variations of thickness and average Young's modulus, what indicates that V(z) measurement is a powerful tool to evaluate the elastic properties of the coatings.

The error bar presented in Fig. 3.12 is based on repeated V(z) measurement of the sample at differernt points.

Coating with functionally graded properties

Previous work has already shown that V(z) measurement can be used to measure the elastic constants of thin films [START_REF] Jd | Measuring thin-film elastic constants by line-focus acoustic microscopy[END_REF], [START_REF] Guo Zq | Modeling and acoustic microscopy measurements for evaluation of the adhesion between a film and a substrate[END_REF], [START_REF] Tourlog | Line-focus acoustic microscopy measurements of elastic constants for materials with high acoustic velocities[END_REF]. But for thick thermal sprayed coating on a substrate, the adaptability of acoustic microscopy is still less studied not only because of the numerical instability during the reverse analysis of V(z) curves but also due to the fact that it lacks a powerful numerical tool to deal with the coating of which the properties change along the depth of the thickness [LEE93], [LEIDERMAN05],

[PASTUREAUD02], [START_REF] Rokhlin | Stable recursive algorithm for elastic wave propagation in layered anisotropic media: Stiffness matrix method[END_REF]. To solve the numerical instability problem, we propose to apply a hybrid method which combines the Stroh formalism and the Recursive Stiffness

Matrix method [START_REF] Rokhlin | Stable recursive algorithm for elastic wave propagation in layered anisotropic media: Stiffness matrix method[END_REF] as described in Sec. 3.2.3 and 3.3.2. For the latter, thick layer with varying properties can either be dealt with a multilayered model by dividing it into several homogeneous thin layers or by treating it as a functionally graded material (FGM).

These sub-divided homogeneous multilayers can be an asymptotic solution to approximate the real material properties, and the more number of sub-divided multilayers is divided the more precise the approximation will be. The number of layers could be properly chosen in order to obtain a compromise between the approximation precision and the numerical efficiency. Nevertheless, this multilayer method can be an effective solution compared to an exact functionally graded description method [START_REF] Si | Recursive geometric integrators for wave propagation in a functionally graded multilayered elastic medium[END_REF]. In this paper, we aim at evaluating the variation of the elastic property in the coating, ab initio or as a result of degradation. Since FGM properties are often described by exponential functions, we also use the following

model [WANG02], [WANG04]: / 1 ( ) (0) ( ( ) (0)) 1 z H e E z E E H E e λ λ - = + - - (3.11)
where E(0) and E(H) are the Young's modulus of the upper and lower surface of the coating, respectively, and H is the thickness of the coating. curves under the assumption of homogeneous coating by applying a one-layer on substrate model described in Sec. 3.3.3. Then, for a V(z) curve with a coating thickness of h, the profile E(z) can be derived from the average Young's modulus <E(h)> according to:

0 1 ( ) ( ) h E h E z dz h = ∫ (3.12)
The first option we chose to retrieve E(h) without any a priori was to conduct a back-sweep iteration process in order to evaluate the E(z) in the coating. First the 15 evaluated average Young's modulus <E(h)> as a function of coating thickness h were fitted using an exponential curve, then E(z) was calculated by a back sweep iteration as:

1 1 1 1 ( ) ( ) ( ) i i i i i i i E h h E h h E h h h + + + + × - × = - (3.13)
where <E(h i+1 )>is the average Young's modulus of a coating thickness h i+1 , <E(h i )> is that of a coating thickness h i , and E(h i+1 ) is the Young's modulus at z=h i+1 . The smaller the (h i+1 -h i )

step the more accurate is the approximation of E(z). Hence, the above-described procedure was implemented on the <E(h i )> data interpolated with fine steps, which give the E(h) curves with square markers in Fig. 3.14.

Second, E(h) is derived from the measured <E(h)> according to the its previously mentioned supposed exponential behavior by substituting Eq. (3.11) into Eq. (3.12) and after simple calculation we obtain:

( ) (0) ( 1) 1 ( 1) h H E H E E h E e e h e λ λ λ λ ∆ ∆ = - + - - - (3.14)
where h is the thickness of the coating after each etching step; H is 300 μm (the total thickness of the original coating) and ΔE=E(H)-E(0). The Young's modulus at the bottom of the coating E(0) and can be reasonably approximated by the value of <E(h)> after the 15 th etching step, since the remaining coating thickness is about 20 μm. One can see that there are two remaining parameters to be determined in Eq. (3. method is quite efficient to retrieve this behavior in a truly non-destructive way.

Conclusion

A model of line-focus microscopy has been derived by angular spectrum approach.

Using this model, we studied V(z) curves of a thermal sprayed coating on substrate in order to evaluate its elastic properties.

The reflection coefficient for multilayered coatings on a substrate, with fluid loading of the coating's surface, is an integral part of the V(z) measurement model for a line-focus acoustic microscope. We used a model of multilayered coatings with graded properties on substrate to calculate the acoustic reflection coefficient of our samples. The knowledge of the 

Introduction

The Eddy Current Testing (ECT) has been shown to be one of the most effective techniques for the detection and characterization of surface defects in conductive samples.

This technique is based on inducing electric currents in the material being inspected and observing the interaction between those currents and the material. The induced eddy currents are basically circulating currents generated by electromagnetic coils in the test probe, and monitored simultaneously by measuring the electrical impedance of the coil. Basic ECT equipment consists of an alternating current source (oscillator), a probe containing a coil connected to the current source, and a voltmeter that measures the voltage change across the coil. When an alternating current is applied to the test coil, a primary magnetic field is established in an axial direction around the coil. As the coil approaches an electrically conductive material, the alternating magnetic field interacts with the test material, causing circulating electrical currents to flow in the material according to Maxwell-Faraday's Law.

The electrical currents then create their own secondary magnetic field which is, at all times, opposite in direction to the coil's magnetic field in accordance to Lenz's Law, as illustrated in Yet before the spraying process, the surface of the substrate is usually shot-peened (SP) in order to increase the adhesion of the coating and the substrate as well as the fatigue resistance of the material [START_REF] Shen | Conductivity profile determination by eddy current for shot-peened superalloy surfaces toward residual stress assessment[END_REF]. Shot peening induces surface stresses and increase the stored energy in the hard layer that may locally transform into more stable martensite [START_REF] Sekine | Using an eddy current method with inverse analysis to determine the thickness of the layer modified by cavitation peening at the surface of type 316 L austenitic stainless steel[END_REF], [START_REF] Meszaros | Magnetic investigation of the effect of α-martensite on the properties of austenitic stainless steel[END_REF], [START_REF] Sp | Investigation of shot-peened austenitic stainless steel 304L by means of magnetic Barkhausen noise[END_REF]. This martensite being ferromagnetic, whereas both previous materials were not, drastic variations of the electromagnetic behavior are expected. Therefore, the material should be considered as a 3-layer system: a top thermal sprayed layer, a bonding (shot-peened) layer, and the substrate. Studies show that this SP layer can recover after heat treatment in air or SO 2 environment [TAKAHASHI12]. Therefore, it is necessary to consider the current magnetic properties of the shot peening layer.

The accurate measurement of the thickness and the electromagnetic properties (the conductivity and the permeability) of these three layer structures is critical for lifetime prediction and inspection of boiler tubes.

In the following, swept frequency eddy current testing method is applied to the thickness evaluation of thermal spraying and its feasibility is discussed. Impedance spectra are measured by sweeping the test frequency using an impedance analyzer. Numerical simulation is also carried out to discuss the electromagnetic model of spray coating and shot-peened layer.

Finally, thickness of thermal spraying is evaluated through the inverse analysis based on the measured impedance spectra.

ECT model

Maxwell's equations and deduced governing equations for ECT

Eddy current obeys the Maxwell's equations, to be solved under boundary conditions, depending on the object to be evaluated. For time-dependent fields, the Maxwell's equations are [START_REF] Rothwell Ej | Electromagnetics[END_REF]:

D H J t ∂ ∇ × = + ∂ (4.1) B E t ∂ ∇ × = - ∂ (4.2) 0 B ∇ ⋅ = (4.3) D ρ ∇ ⋅ = (4.4)
Where, H and B denote magnetic field intensity and magnetic flux density, respectively; E stands for electric field intensity; J and D are current density and electric displacement current, respectively; ρ is electric charge density and t represents time.

Another fundamental relationship is the equation of charge conservation, which is written as

[JACKSON04]: J t ρ ∂ ∇ ⋅ = - ∂ (4.5)
Assuming all the materials in the system are linear and homogeneous, additional constitutive relationships are [START_REF] Cn | Electromagnetic Testing, Nondestructive Testing Handbook[END_REF]:

D E P ε = + (4.6) = ( ) B H M µ + (4.7) = J E σ (4.8)
where P denotes the electric polarization vector; M is the magnetization vector; ε 0 represents the permittivity of a vacuum; μ 0 denotes the permeability of a vacuum; and σ is conductivity, respectively.

For most NDE problems with a frequency of up to several megahertz, since the wavelength of the electromagnetic wave is much larger than the dimension of a system, the displacement current D vanishes. Thus Eqs. (4.1) can be simplified to:

H J ∇ × = (4.9)
And Eq. (4.5) to

0 J ∇ ⋅ = (4.10)
With the introduction of magnetic vector potential A , the curl of which gives B :

B A = ∇ × (4.11)
The electric field can be expressed as:

/ E V A t = -∇ -∂ ∂ (4.12)
Where V denotes electric potential, which is scalar. Note the A satisfies the Coulomb gauge:

=0 A ∇ ⋅ (4.13)
By submitting Eq. (4.9) into Eq. (4.11) and considering the relationship of Eqs. (4.3) and (4.5), the governing equations describing the electromagnetic field in ECT are deduced from Maxwell's equations. For time-harmonic fields in particular, the governing equation is [START_REF] Li | Theoretical and experimental investigation of electromagnetic nde for defect characterization[END_REF]:

( )

1 s j A A A J σ ω σν µ   + ∇ × ∇ × - × ∇ × =     (4.14)
Where, μ is the material permeability, ( ) e j A J

σ ω = denotes the eddy current density; s J denotes the source current density; ν denotes the media velocity.

For time-variant fields, Eq. (4.14) changes into:

( )

1 s A A A J t σ σν µ   ∂ + ∇ × ∇ × - × ∇ × =   ∂   (4.15)
Eqs. (4.14) and (4.15) are the general governing equations in time-harmonic form and time variant forms for eddy current detection.

Coil impedance

DODD model

In the case of a rectangular cross-section coil above an arbitrary number of conductors, the coil impedance can be expressed as [START_REF] Cheng Cc | General Analysis of Probe Coils Near Stratified Conductors[END_REF], [START_REF] Dodd Cv | Analytical Solutions to Eddy-Current Probe-Coil Problems[END_REF] (see Appendix 4): For the air impedance, α 1 =α 2 =α and

{ } 2 1 2 1 2 2 2 1 2 1 2 2 5 2 1 2 1 0 ( ) 2 ( , ) 2( ) ( ) ( ) 1 
{ } 2 1 2 2 ( ) 2 1 2 1 2 2 5 2 1 2 1 0 ( , ) 1 2( ) [2 2 ] ( ) ( ) l l I r r j n Z l l e d l l r r α ωπµ α α α ∞ - - = ⋅ -+ - - - ∫ (4.17)
And the analytical expressions of the coil impedance change when a cylindrical coil is place over the sample are written as:

2 1 2 2 2 2 1 12 2 2 6 2 1 2 1 22 0 ( , ) 2 ( ) ( ) ( ) l l I r r V j n Z e e d l l r r V α α ωπµ α α ∞ - - ∆ = - - - ∫ (4.18)

TREE model

Instead of using integral in the expression of magnetic vector potential, Theodoulidis has derived another form to calculate such a potential, in which the component of the magnetic vector potential is expressed in the form of series of appropriate eigenfunctions [START_REF] Theodoulidis Tp | Eddy current canonical problems (with applications to nondestructive evaluation[END_REF], [START_REF] Theodoulidis Tp | Model of ferrite-cored probes for eddy current nondestructive evaluation[END_REF]. The practical evaluation of these series requires only a finite number of summation terms and, hence only a finite number of eigenvalues has to be computed. The coefficients of the series are computed by solving a matrix system by applying the interface conditions [START_REF] Theodoulidis Tp | Model of ferrite-cored probes for eddy current nondestructive evaluation[END_REF]. By using this method the application of ECT can be extended from air-core coil probe, as described by (  )

2 1 1 2 2 ( ) 1 2 2 1 1 2 1 2 7 1 1 0 , 2 ( ) 2 2+( ) i i i a z z a z a z i i i i i i a r a r V Z j K a z z e e e U hJ a h a χ ω ∞ - - - - =   = -+ - -     ∑ (4.19) where ( ) ( ) 2 1 2 0 2 2 2 1 2 1 1 2 1 2 ( , ) ( ) x x N K r r z z x x xJ x dx πµ χ  =  - -    =   ∫ (4.20)
If this multilayer conductor has N layers, then V 1 /U 1 can be calculated by the following recursive iteration as [START_REF] Theodoulidis Tp | Eddy current canonical problems (with applications to nondestructive evaluation[END_REF], [LI08]:

1 1 2 ( ) 1 1 1 1 1 1 2 ( ) 1 1 1 1 1 1 ( ) ( ) ( ) ( ) i k k i k k l l k k k k k k k k k k k l l k k k k k k k k k k k U e V U V e V U α α α α α α µ µ µ µ α α α α µ µ µ µ - - - - - - + + - - - - - - + + - -  = - + +     = + + -   (4.21) and 1 1 1 1 2 0 0 , , , 0 
N N N N N N N N N N i i i i i U V a j a l α α α α µ µ µ µ α ωµ σ α - - - -  = + = -    = + = =  (4.22)

Equivalent circuit

Most eddy current inspections are conducted in one of two basic modes of operation, namely, in "impedance" and "conductivity" modes. In the most often used impedance mode, the complex probe coil impedance Z = R + iY is measured at specific frequencies. In order to take into consideration the wire resistance (R 0 ), stray capacitance of the coil (C) and coil impedance (Z C ), the equivalent circuit as shown in Fig. 4.

3 is considered. The impedance of equivalent circuit Z EC is 2 0 0 2 2 0 1 ( Re( )) / [( Re( )) Im( )(Im( ) )] 1 [( Re( )) (Im( ) ) ] C C C C EC C C R Z C j R Z Z Z C Z C R Z Z C ω ω ω ω + - + + - = + + - (4.23)
or in complex form as:

0 1 1 Re( ) Im( ) EC C C j C Z R Z j Z ω = + + + (4.24)
Then, the impedance of the conductive-layered structure can be calculated as:

0 0 1 EC EC C EC Z j CR Z R Z j CZ ω ω + - = - (4.25)

The inversion procedure

A thermal spray coating on shot-peened substrate can be taken as a three-layer structure:

a thermal sprayed top layer, a shot-peened inner layer and substrate, as shown in Fig. 4.4.

Based on the Truncated Region Eigenfunction Expansion (TREE) method developed by

Theodoulidis [START_REF] Theodoulidis Tp | Eddy current canonical problems (with applications to nondestructive evaluation[END_REF], the impedance of a coil placed on a three-layer structure can be expressed as:

( ) ( ) (
)
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r 1 , r 2 and N denote the inner and outer diameter and the number of turns of the coil, respectively. z 1 and z 2 are the z-coordinates of the bottom and top of the coil, respectively. And the impedance of a coil placed in air can be expressed as:

( ) ( ) ( ) 2 1 2 ( ) 1 2 2 1 2 7 1 0 , ( ) 1 i a z z i i air i i i i a r a r Z j K a z z e bJ a b a χ ω ∞ - - =   = -+ -  ∑ (4.28)
Thus, the analytical expression of the coil impedance change when a cylindrical coil is place over the 3-layer sample can be obtained by subtracting Eq. (4.28) from Eq. (4.27) as:

( ) ( ) 1 2 2 2 1 2 1 1 2 7 1 1 0 , ( ) i i a z a z i i i i i a r a r e e V Z j K U bJ a b a χ ω - - ∞ = - =     ∑ (4.29)
where V 1 /U 1 is the conductor reflection coefficient that describe the effect of the layered medium.

Inverse analysis and Jacobian matrix

Z c is concerned in the inverse process retrieving z 1 (lift off), d 1 (thickness of the coating), σ 1 (conductivity of the coating), μ 1 (relative permeability of the coating), d 2 (thickness of the shot-peened layer), σ 2 (conductivity of the shot-peened layer), μ 2 (relative permeability of the shot-peened layer), d 3 (thickness of the substrate), σ 3 (conductivity of the substrate), μ 3 (relative permeability of the substrate). With other parameters, such as the coil parameters, known and fixed, an implicit expression can be established to depict the relation between acquired impedance change and the unknown parameters. As a result, Eq. (4.26) can be rewritten as:

( )

1 1 1 1 2 2 2 3 3 3 , , , , , , , , , , c Z F f z d d d σ µ σ µ σ µ = (4.30)
where, f=ω/(2π) denotes the excitation frequency.

In the inverse process, the unknowns are solved when the global error function depicting the discrepancy between predicted coil impedance (Z c ) and measured coil impedance (Z m ) is minimized. In swept ECT, measurements are conducted with discrete frequencies, f m (m=1,2,…,M) and the global error function to be minimized is defined using matrix notation as:

1 M T m c m m c Z Z Z Z ε ε ε =  = -    = -  ∑ (4.31)
where ε T is the transpose of the vector ε. For a small δp, Eq. (4.30) can be rewritten by using the Taylor series expansion as ( ) ( ) ( ) as the sum of squares of several non-linear functions. LM algorithm can be thought of as a combination of steepest descent and the Gauss-Newton method. When the current solution is far from a local minimum, the algorithm behaves like a steepest descent method: slow, but guaranteed to converge. When the current solution is close to a local minimum, it becomes a Gauss-Newton method and exhibits fast convergence. From Eq. (4.32), it can be noted that the derivation of ∂F(p,fm)/(∂p), i.e., Jacobian matrix, is the key for the LM-based inverse process [START_REF] Li | Quantitative evaluation of thermal barrier coating based on eddy current technique[END_REF]. Instead of using traditional interpolation-based method for calculating the Jacobian matrix, the closed-form expressions regarding ∂F(p,fm)/(∂p) are formulated.

For convenience, we extract subfunctions with regard to the variables

p=[z 1 ,d 1 , σ 1 , μ 1 , d 2 , σ 2 , μ 2 , d 3 , σ 3 , μ 3 ], as: 2 1 1 2 ( ) 1 2 1 2 1 ( ) ( ) 1 
Q(z )=( ) i i i a z z i a z a z P z a z z e e e - - - -  = -+ -   -   (4.33) and 1 1 1 2 2 2 3 3 3 1 1 ( , , , , , , , , ) / W d d d V U σ µ σ µ σ µ = (4.34)
By taking first order derivatives of the sub-functions with respect to z 1 , d 1 and σ 1 , respectively, we have:

First-order derivative of P(z 1 ) with respect to z 1 :

2 1 ( ) 1 1 ( ) ( 1) i z z i P z a e z α - - ∂ = - ∂ (4.35)
First-order derivative of Q(z 1 ) with respect to z 1 :

1 2 2 1 1 ( ) 2 ( ) i i z z i Q z a e e z α α - - ∂ = - - ∂ (4.36) First-order derivative of W(d 1 , σ 1 , μ 1 , d 2 , σ 2 , μ 2 , d 3 , σ 3 , μ 3 ) with respect to d 1 : ( ) ( ) { } 2 1 1 2 3 2 1 1 3i 2 3 3 2 3i 2 3 3 ( ) 2 Cosh d d Sinh d d i i a A A A W d Q Q β β µ β µ + + ∂ = ∂ - + -         (4.37)
where

[ ] ( ) [ ] ( ) { ( ) ( ) [ ] ( ) [ ] ( ) ( ) } ( ) ( ) ( ) ( ) 2 2 1 3 2 1 1 1 1 1 1 1 1 2 1 2 2 2 2 2 1 2 1 1 1 1 2 1 1 1 2 1 2 2 2 2 2 2 2 1 3 1 1 1 1 3 1 1 1 2 1 2 2 2 1 2 3 1 1 2a Cosh d a Sinh d Cosh d d a Cosh d a Sinh d Sinh d d ; a Cosh( d )+a Sinh( d ) Cosh d d a Cosh d Q Q β β β β µ β β µ β µ β β β µ β β β µ β µ β β β β µ β β β µ β µ β β β β = - + + -     + + + + -       = + + - -       + [ ] ( ) [ ] ( ) 2 2 2 2 1 2 1 3 1 1 1 2 2 2 a Sinh d Sinh d d ; µ β β β β µ β µ           + + -        (4.38)
sinh and cosh denote the hyperbolic sine and cosine, respectively. A 1 , A 2 and A 3 are listed in Appendix 6.

First-order derivative of W(d 1 , σ 1 , μ 1 , d 2 , σ 2 , μ 2 , d 3 , σ 3 , μ 3 ) with respect to μ 1 :

( ) [ ] 1 2 3 2 3 1 1 1 1 3 2 3 3 2 3 2 3 3 a = 16 Q Cosh[ (d d ) ] Q Sinh[ (d d ) ] M M M dW d µ βµ β µ β µ + + - + - (4.39) First-order derivative of W(d 1 , σ 1 , μ 1 , d 2 , σ 2 , μ 2 , d 3 , σ 3 , μ 3 ) with respect to σ 1 : ( ) [ ] 1 2 3 0 2 1 1 1 3 2 3 3 2 3 2 3 3 a = 2 8 Q Cosh[ (d d ) ] Q Sinh[ (d d ) ] B B B j dW d ωµ σ β β µ β µ + - × - + - (4.40)
where B 1 , B 2 and B 3 are listed in Appendix 6.

First-order derivative of W(d 1 , σ 1 , μ 1 , d 2 , σ 2 , μ 2 , d 3 , σ 3 , μ 3 ) with respect to d 2 :

( ) ( ) { } 2 2 1 2 1 2 2 2 1 3 2 3 3 2 3 2 3 3 a { } Cosh d d Sinh d d D D W d Q Q β β β µ β µ - ∂ = ∂ - + -         (4.41)
where D 1 , D 2 are listed in Appendix 6.

First-order derivative of W(d 1 , σ 1 , μ 1 , d 2 , σ 2 , μ 2 , d 3 , σ 3 , μ 3 ) with respect to μ 2 :

( ) ( ) 2 1 1 2 3 2 3 2 2 2 1 3 2 3 3 2 3 2 3 3 a = 4 Cosh[ (d d ) ]+Q Sinh[ d d ] K K K dW d Q β µ β µ β µ β µ + + - -     (4.42)
where K 1 , K 2 , K 3 are listed in Appendix 6.

First-order derivative of W(d 1 , σ 1 , μ 1 , d 2 , σ 2 , μ 2 , d 3 , σ 3 , μ 3 ) with respect to σ 2 :

( )

2 1 1 2 3 0 2 2 2 1 3 2 3 3 2 3 2 3 3 a ( ) = 2 2 Cosh[ (d d ) ]+Q Sinh[ d d ] F F F j dW d Q β ωµ σ β β µ β µ + - × - -     (4.43)
where K 1 , K 2 , K 3 are listed in Appendix 6.

First-order derivative of W(d 1 , σ 1 , μ 1 , d 2 , σ 2 , μ 2 , d 3 , σ 3 , μ 3 ) with respect to d 3 :

( ) ( ) 2 2 2 2 2 3 1 2 3 3 2 3 1 3 2 3 3 2 3 2 3 3 2a a = Cosh[ (d d ) ]+Q Sinh[ d d ] W d Q µ β β β β β µ β µ - ∂ ∂ - -     (4.44)
First-order derivative of W(d 1 , σ 1 , μ 1 , d 2 , σ 2 , μ 2 , d 3 , σ 3 , μ 3 ) with respect to μ 3 :

( ) 

2 2 3 3 2 2 2 2 2 1 2 3 3 3 2 3 3 3 3 3 3 3 3 1 3 2 3 3 2 3 2 3 3 a 4 (a )(d d ) ( ) == 2 Cosh[ (d d ) ]+Q Sinh[ d d ] Q a dW d Q β β µ β β µ β µ µ β β µ β µ   - - - + +   - -     (4.45) First-order derivative of W(d 1 , σ 1 , μ 1 , d 2 , σ 2 , μ 2 , d 3 , σ 3 , μ 3 ) with respect to σ 3 : ( ) 2 2 1 2 3 0 2 3 3 1 3 2 3 3 2 3 2 3 3 a = 2 Cosh[ (d d ) ]+Q Sinh[ d d ] Q j dW d Q β β ωµ σ β β µ β µ × - -     (4.46) Where Q 1 , Q 2 , Q 3 are listed in Appendix 6. Therefore, ( )( ) ( ) ( ) ( )( ) ( ) ( ) ( )( ) ( ) ( ) ( ) 1 2 2 1 1 2 1 2 2 2 1 2 ( ) 1 2 7 1 1 0 2 2 1 2 2 7 1 1 0 2 2 1 2 2 7 1 1 0 2 1 2 , ( , ) ( 1) 2 , , , i i i i i i i a z a z i i z z m i i i i i a z a z i i i i i a z a z i i i i i i i a r a
χ χ χ σ χ - - ∞ - - = - - ∞ = - - ∞ = -  -     ∂  = --      ∂      - ∂ ∂ - ∂ ∂ ∑ ∑ ∑ ( ) ( ) ( ) ( )( ) ( ) ( ) 1 2 1 2 2 2 7 1 1 0 2 2 1 2 2 7 1 3 0 , i i i i a z a z i i i T a z a z i i i i i e W hJ a h a a r a r e e W hJ a h a µ χ µ - ∞ = - - ∞ = - ∂ ∂  - ∂   ∂  ∑ ∑    (4.47)
where, conj stands for the conjugate matrix.

With the calculation of Eq. (4.47), the derivation of the Jacobian matrix is straightforward, in consequence of which the LM iteration and update of p can be readily implemented. The LM-based inverse process terminates when the general LM conditions are satisfied. 

Numerical simulation and validation

First order derivatives

In order to investigate the efficiency of the TREE model, first order derivatives of the coil impedance over parameters, as z 1 , d 1 and σ 1 are carried out, as shown in 

Experiment

Test pieces

Type 304 austenitic stainless steel was used as substrate. The surface of substrate has been shot-peened to increase the adhesion of coating, while 22-type Hastelloy was sprayed on the substrate. The thickness of coating is systematically changed from 100μm to 400μm.

These test pieces are heated in sulfur dioxide (SO 2 ) environment at the temperature of 650 °C.

SO 2 concentration was 0.01% and 0.1%, and heating times were 200h, 350h and 500h. In addition, test pieces without shot peening were also prepared to take into consideration of the influence of the shot-peened layer.

The cross section of the as-received test piece was observed by SEM, and very fine grains were observed in the region from the surface of substrate by around 20μm. In addition, magnetic force microscopy observations were carried out, and magnetic layer was confirmed in the same region. These observations indicate that martensitic transformation occurred on the surface of shot-peened substrate. 

ECT analysis and experiment

Impedance spectra were measured by using an Agilent 4194A impedance analyzer. The probe was a pancake coil as shown in Fig. 4.13, and the inner diameter, outer diameter, height, and number of turns are 1.2mm, 3.2mm, 0.8mm, and 140, respectively. The test frequency was swept from 2.2 MHz to 3.3 MHz. The impedance of the coil is recorded by a computer and is ploted as a function of the swept frequency. The number of sampling points was 401.

To discuss the electromagnetic model of coating and substrate, coil impedance of on conductor was computed based TREE model [START_REF] Theodoulidis Tp | Eddy current canonical problems (with applications to nondestructive evaluation[END_REF], and the electromagnetic properties of the materials are obtained by the inverse process described previously.

Results and Discussion

Numerical analysis

Figs. (4.14)-(4.16) shows results of numerical simulation of the modulus of the electrical impedance of the coil when it is placed on a 3-layer conductor. In these figures, the changing parameters are the thickness, the conductivity and the permeability of both the coating and the inner layer. These results show that impedance is sensitive to the properties of both the coating and the inner layer. This means that one can calculate the coating thickness and the electromagnetic properties of the 3-layer material by an inverse process as described above. 4.3. As a result, the conductivity of the substrate and coating are 1.35×10 6 S/m, 0.62×10 6 S/m, respectively. The relative permeability of the substrate and coating is 1.1 and 1.56, respectively. In order to take into consideration of the magnetic properties of shot-peened layer, magnetic layer was introduced on the surface of substrate. The mean values of thickness, conductivity, and relative permeability of the layer were determined as 19 μm, 0.45×10 6 S/m, and 5.2, respectively. The computation time for each measurement is about 5 min using the inverse process absed on TREE model described previously, shorter than that using Dodd model, which is about 15 min for each measurement.

Experiment results

Shot peening effect

SEM cross-section of the as-received test piece shows very fine grains in the region from the surface of substrate by around 40μm. In addition, magnetic force microscopy observations were carried out, and magnetic layer was confirmed in the same region. These observations indicate that martensitic transformation occurred on the shot-peened surface of the substrate, which will be discussed in Chapter 5. In order to investigate the effect of heat time, resonance frequencies of the sample after different heat treatment times is plotted in Fig. 4.21. In accordance with results of heat treat sampled in air, resonance frequency decreases as thickness of coating increases. The resonance frequencies of heat-treated test pieces are higher than those of as-received test pieces, which is due the decrease of martensitic phase in the shot-peened layer by heating.

One may also notice that as the duration of the heat treatment increases from 200 hours to 350 hours, resonance frequencies increase; however from 350 hours to 500 hours the resonance 107 and polished surfaces. It shows that resonant frequency of a sample with rough surface is much lower than that of a polished sample, whereas maximal modulus of impedance of a sample with rough surface is much higher than that of a polished sample. This indicates that roughness greatly effects the ECT measurement of both resonant frequency and maximal modulus of impedance. In order to reduce the effect of roughness on ECT measurement, subtraction of measurements between samples with rough surface and polished surface is carried out, and a linear relationship is found and plotted in Fig. 4.24.

It is worth mentioning that the values of conductivity and permeability calculated by the inverse analysis were measured in conditions that the effects of roughness of the coating are not eliminated. In this chapter we call these measured results the "apparent conductivity" and "apparent permeability" and/or "apparent relative permeability". In next chapter, this effect of roughness is eliminated since the surfaces of the coatings are carefully etched and can be taken as perfect plane surface.

With this roughness effect eliminated by carefully etching the coating surface, we recalculate the electromagnetic properties of the coated material. The results are:

The thickness, conductivity, and relative permeability of the SP layer are 19 μm, 1.68×10 6 S/m, and 4.01, respectively. The conductivity and relative permeability of the coating are 2.0×10 6 S/m, and 2.5, respectively. One may observe that the above measured values obtained by eliminating the effect of coating roughness are higher than "apparent" values listed in Table 4.3.

Conclusion

Two models of swept eddy current testing of a rectangular cross-section coil over multilayer conductor are discussed. One is based on DODD method and the other one is based on TREE method. The feasibility of the two methods for the testing and evaluation of the Hastelloy C22 thermal spray coating on type 304 stainless steel substrate is discussed. A faster inverse process for the extracting of material properties with respect to TREE model is presented compared to DODD model.

The main features of the materials are:

(1) The conductivity of the substrate and coating are 1.08×10 6 S/m, 2.0×10 6 S/m, respectively; and the relative permeability of the substrate and the coating is 1.0 and 2.5, respectively.

(2) The mean values of thickness, apparent conductivity, and apparent relative permeability of the SP layer were determined as 19 μm, 1.68×10 6 S/m, and 4.01, respectively.

(3) The resonance frequencies of heat-treated test pieces in air are higher than those of as-received test pieces, which is due the decrease of martensitic phase in the shot-peened layer by heating. As the heat treatment time increases from 200 hours to 350 hours, resonance frequencies increase as coating thickness increases; however as the heating time increases from 350 hours to 500 hours, resonance frequencies decrease as coating thickness increases.

(4) The apparent relative permeability of shot-peened layer decreases from 4.1 to 1.5 by the reverse martensitic transformation after SO2 treatment. The resonance frequencies of test pieces heat-treated in 0.1% SO2 environment shows different tendency to coating thickness from those in 0.01% SO2 environment.

(5) The roughness of the coating has non-negligible effect on the values estimated by the inverse analysis. The apparent obtained values are lower than values calculated from the measurements, which eliminate the effect of roughness by etching.

Chapter 5 Integration of Acoustic microscopy and Eddy current testing method for the evaluation of thermally sprayed coatings

Summary

In this chapter, we focus on the evaluation of the integrity of a Hastelloy C22 thermal sprayed coating on a type 304 steel substrate by means of acoustic microscopy and swept eddy current methods. The elastic properties of the coating were measured by acoustic microscopy and the electric and magnetic properties of the coating were measured by swept eddy current method.

Profiles of elastic and electromagnetic properties of the material deep into the substrate were drawn along the thickness of the coating, by series of measurements, in which the coatings were etched step by step before each measurement. The evolution of these properties of the material after exposure to different heating environment, i.e., as-received, heat-treated in air at 650°C and heat-treated in SO 2 at 650°C, was studied. These results were further analyzed and backed by SEM observation.

The electric and electromagnetic properties of the shot-peened (SP) layer at the interface between the substrate and the coating were measured by an inverse analysis. It is observed that the evolution of the SP layer properties has a great impact on the accurate detection and measurement of the thermal sprayed coating on substrate. Indeed, a martensitic layer has been introduced by the SP process. This phase transformation causes changes in elastic and electromagnetic properties of the coated material and thus affects the accurate measurement of those properties by using both acoustic microscopy and ECT method.

Based on these detections and measurements both destructively and non-destructively, a comprehensive evaluation of the thermal sprayed coated material under different exposure environment was proposed.

Résumé

Dans ce chapitre, nous nous concentrons sur l'évaluation de l'intégrité d'un revêtement en Hastelloy C22 pulvérisé à chaud sur un substrat en acier type 304, au moyen de la microscopie acoustique et des courants de Foucault avec balayage fréquentiel. Les propriétés élastiques du revêtement sont mesurées par microscopie acoustique et les propriétés électriques et magnétiques du revêtement ont été mesurées par courants de Foucault. Les profils dans l'épaisseur des propriétés élastiques et électromagnétiques du revêtement et du substrat ont été mesurés par des séries de mesures avec polissage graduel du revêtement avant chaque nouvelle mesure. Nous avons étudié l'évolution de ces propriétés sur le matériau brut mais aussi après maintien dans l'air à 650°C et maintien dans une atmosphère de SO 2 à 650°C.

Ces résultats ont été analysés et étayés par des observations au MEB.

Les propriétés électriques et électromagnétiques de la couche grenaillée (SP pour shot-peened) à l'interface entre le substrat et le revêtement ont été mesurées par une analyse inverse. Toute variation des propriétés de cette couche SP a un grand impact sur la détection et la précision de mesure d'épaisseur du revêtement. En effet, le grenaillage introduit une couche de martensite. Cette transformation de phase entraîne des modifications importantes des propriétés élastiques et électromagnétiques de la couche et donc influe fortement sur la mesure précise de ces propriétés en utilisant à la fois la microscopie acoustique et un procédé ECT.

Sur la base de ces mesures à la fois destructives et non destructives, nous proposons une description du vieillissement du revêtement dans les différentes atmosphères.

Introduction

Type 304 austenitic stainless steel have been widely used for producing structural components used in power plants because this steel have advantageous properties such as high ductility, high corrosion resistance, and high strength. Thermal sprayed coating is used to enhance the corrosion resistance of this material, especially in high-temperature corrosion environment. The detection and evaluation of this coating is of great importance for the quality and maintenance of the material. The analyses developed in the previous two chapters, i.e., AM and ECT, have been used for the detection and evaluation of the thermally sprayed coatings. The procedure is presented and the advantages and drawbacks of each method are discussed.

We propose to combine these two methods for the detection of the thermal sprayed coating, which is based on the following consideration: AM is sensitive to the elastic and acoustic properties of the material, although this method could not give an aspect of the electrical property of the material; on the other hand, ECT method can provide the electrical-magnetic properties of the coating.

AM measurement

Experimental setup

A cylindrical transducer is used for the V(z) measurement of the coated material.

Experimental setup is the same as descripted in Section 3.2 of Chapter 3. During the experiment, Z ranges from -3 mm to 2 mm, considering the fact that in the range z>1, the V(z)

curve is dominated by the properties of the transducer and the coupling fluid.

Sample preparation:

Hastelloy C22 thermal sprayed coating on 304-type austenitic stainless steel was used for the testing samples. Detail description of the material can be found in Section 4.3.1 of Chapter 4, and are not repeated here.

113 On Fig. 5.1, the substrate is on the left side of the curve with negative z ("coating depth") values. The focal spot of the AM measurement at 6MHz is about half the wavelength in the water, which is 125 μm at 6MHz. The coating is on the right with positive z values. Away from the interface, the steel substrate has the expected properties (E =200 GPa, ρ=8 g/cm 3 ) whereas the Young's modulus and the density fluctuate and tend to decrease from the interface to the surface of the coating (down to 120 GPa and 6.3 g/cm 3 , which are far away from the claimed 206 GPa and 8.7 g/cm 3 of bulk Hastelloy C22 [HAYNES02]). This is corresponding to about 25 % porosity in the sprayed material, quite a high figure. The maximum porosity would be close to the surface, since the thermal spraying process, in which the powder (to form into the coating) is sprayed step by step on the substrate, may induce a densification of the first coating layers set under compression by oncoming powders. The error bar presented in the figure is based on repeated V(z) measurements at different points on the back side (substrate) of one particular sample.

Young's modulus and density profile

As-received coating

In the substrate (z<0), one may notice that there is a peak near z=0 (coating-substrate interface). This may be caused by the shot peening process. Shot-peening is widely used to prepare the surface for a better adhesion of the coating as well as to enhance the resistance of structural components to stress corrosion by putting the outside layer of a component under an initial residual compressive stress. This stress can cause martensitic transformation in the surface of austenitic stainless steel (such as 304 steel) [TAKAHASHI12], [START_REF] Lee | Martensitic transformation behavior in sensitized SUS304 austenitic stainless steel during isothermal holding at low temperature[END_REF].

Beyond this transformed surface layer, austenitic grains of the alloy were imaged by SEM in conditions for obtaining a crystallographic orientation contrast. This martensitic transformation region can be easily observed in SEM image as shown in Fig. 5.2. At this level, the presence of twins (straight boundaries) was found (common for such stainless steel). The parallel ε martensite plates can be clearly distinguished from the more irregular, rough-edged α' martensite. Other researchers also observed the strain-induced martensitic transformation of 304 stainless steel [START_REF] Kobayashi | Magnetic properties of α' martensite in austenitic stainless steel studied by a minor-loop scaling law[END_REF], [START_REF] De Ak | Quantitative measurement of deformation-induced martensite in 304 stainless steel by X-ray diffraction[END_REF]. The coating has a highly heterogeneous structure consisting of splats with columnar grains and/or equiaxed and coarse inclusions rich in chromium and aluminium oxides.

Fluctuations of Young's modulus and density in the coating may be due to the porosity induced by the thermal spraying process, which is obvious under visual observation. This indicates that the thermal spray process give nonhomogeneous properties in the coatings.

Density inside the coating has the same trend as the Young's modulus. The acoustic measurement then results from a complex local average over dense and less dense regions. Close observation at Fig. 5.7 shows that there is a layer formed between substrate and the coating. This interphase layer was not present in the initial state material and thus is formed in the process of air oxidation in 650°C. In the corresponding density and Young's modulus profile (Fig. 5.3), there is a peak formed about 100 micrometer above interface (z=0); both density and Young's modulus are higher than region round this thickness. An increase of both density and Young's modulus could be caused by this interface layer formed in the process of air oxidation environment, which can be verified by the comparison of the AM measured values (density and Young's modulus) and SEM observation. density with the diffusion of some reactive constituent from the light SO 2 atmosphere towards the dense coating, that would somehow stop at the coating / substrate interface.

As the exposure time increases from 200 hours to 500 hours, the effect of SO 2 in the coating would saturate and the corresponding coating Young's modulus and density would reach a steady state, as shown in Fig. 5.8 at coating depth ranging from 0 to 200 μm. One may also notice that values of Young's modulus and density in this range are higher than coating treated for 200 hours in Fig. 5.8 (a). This can be due to the precipitation of new phase or formation of a new composition in heat treatment process at 650°C. However, the SEM analysis reveals other features that can be seen from Fig. 5.9. Large amount of porosity are formed in the substrate (304 steel) in the region next to the interface, which surprisingly do not cause degradation of the AM properties of the substrate. Or would that be the drop in the region down to the substrate in Young's modulus profile measured by AM for sample treated for 200 hours in Fig. 5.8 (a). SO 2 at 650 °C, which is ten times higher than in the previous atmosphere. The Young's modulus and density in the coating decrease when coating thickness increase, as in the case of exposure in 0.01% SO 2 . The Young's modulus of the substrate in 0.1% SO 2 after 500 hours of exposure in Fig. 5.11(b) is much lower than after 200 hours of exposure in Fig. 5.11 (a). This may be caused by the corrosion of SO 2 in the substrate after longer time of exposure.

Remarks about Young's modulus and density measurement using Acoustic microscopy

Some values of density or elastic modulus estimated by our inversion method may seem strange. For example in the graphs of Fig. 5.3 (a) and (b) and that of Fig. 5.11 (c), the magnitude of the Young's modulus within the substrate can be up to 20% away from the usual 200 GPa reference value, which obviously represents an outlier value in comparison with the estimated error bar. This should lead us to reconsider the estimation of this error bar or at least the identification of the sources of error. To avoid such a variability of the results, some improvements of the procedure can be suggested as:

 to carry out a calibration measurement on a reference material whose properties are well known before each curve V(z) acquisition.

 to realize a number of similar consecutive measurements, which averaging should reduce statistical noise.

 to work on the engineering of the experimental setup in order to reduce as much as possible the uncertainties in positioning and alignment. For instance, the adjustment of the axis of the transducer with the normal to the sample and the focusing of the beam onto the reference altitude z=0 could be fully automated.

These procedures have not been implemented for the sake of saving time but would most likely have improved the reproducibility of measurements, which would improve the confidence in the estimated features in the quantitative point of view, whereas in the present case they are only satisfactory in a qualitative point of view.

ECT measurement

To evaluate the properties of as received, heat-treated and SO 2 treated Hastelloy C22 coatings, both electrical and elastic properties as well as the thickness of the coatings have to be determined. There are several nondestructive methods for examining material properties such as ultrasonic [START_REF] Viswanath | Nondestructive assessment of tensile properties of cold worked AISI type 304 stainless steel using nonlinear ultrasonic technique[END_REF] or electromagnetic method [START_REF] Uchimoto | Electromagnetic nondestructive evaluation of graphite structures in flake graphite cast iron[END_REF].

It has been reported that the electromagnetic parameters, such as the electrical conductivity and magnetic permeability of metals treated by shot peening (SP) or cavitation peening (CP) vary [ABU-NABAH09], [START_REF] Sekine | Evaluation of the surface of alloy tool steel treated by cavitation shotless peening using an eddy current method[END_REF], [START_REF] Sekine | Using an eddy current method with inverse analysis to determine the thickness of the layer modified by cavitation peening at the surface of type 316 L austenitic stainless steel[END_REF]. The electrical conductivity variation is derived from piezoresistive effects due to the introduction of stress after peening [START_REF] Sekine | Using an eddy current method with inverse analysis to determine the thickness of the layer modified by cavitation peening at the surface of type 316 L austenitic stainless steel[END_REF], [START_REF] Smith | Piezoresistance effect in germanium and silicon[END_REF]. Three main types of microstructures exist in stainless steels, i.e., ferritic, austenitic and martensitic [START_REF] Hattestrand | Study of decomposition of ferrite in a duplex stainless steel cold worked and aged at 450-500[END_REF], [START_REF] Lo Kh | Recent developments in stainless steels[END_REF]. For instance, fully austenitic stainless steels are non-magnetic, but their martensitic and ferritic counterparts possess ferromagnetism. It has also been pointed out that effect of phase transformation is not negligible for SP process [ABU-NABAH09], [START_REF] Sekine | Evaluation of the surface of alloy tool steel treated by cavitation shotless peening using an eddy current method[END_REF], [START_REF] Sekine | Using an eddy current method with inverse analysis to determine the thickness of the layer modified by cavitation peening at the surface of type 316 L austenitic stainless steel[END_REF]. For these reasons, the electro-magnetic properties of the material should be measured in order to detect the transformation and to estimate the volume fraction of α' martensite. Eddy current method can measure the electromagnetic properties change of this material and attracts considerable attention in industry such as in power plants.
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In this section we focus on the eddy current method to measure electromagnetic properties change of thermal sprayed Hastelloy C22 coating on type 304 steel and to evaluate the degradation of this material. Results will be compared to AM measurement and also further compared to microstructural observation.

Experiment setup

Impedance spectra were measured using an impedance analyser (Agilent 4194A). The probe was a pancake coil with the inner diameter, outer diameter, height, and number of turns of 1.2mm, 3.2mm, 0.8mm, and 140 respectively. The test frequency was swept from 2.3 MHz to 3.3 MHz. The number of sampling points was 401. For detailed description of the ECT setup please refer to Chapter 4.

The material under estimation is thermal sprayed Hastelloy C22 coating on type 304 austenitic steel. Three groups of sample are used for the evaluation of the Hastelloy C22 coated 304 stainless steel, as describe in previous section as evaluated by AM method, i.e., as received sample, heat-treated sample in air at 650°, and SO 2 treated sample at 650°. confirms that ECT measurement can detect the formation of martensitic phase of austenitic steel and can also measure the electro-magnetic properties of this martensitic layer, such as conductivity and permeability. ECT measurement, combined with AM method, which could provide elastic properties of the material, is a promising method for a comprehensive nondestructive testing and evaluation of thermal sprayed coating on stainless steel. properties in this layer. This decrease in maximal impedance modulus and resonant frequency is caused by the formation of martensitic phase in austenitic 304 steel, which is discussed above. Besides, the more steadily decreasing of resonant frequency manifests that resonant frequency is more appropriate for the evaluation of coating electro-magnetic properties, i.e., conductivity and relative permeability, since it gives smoother variation as coating thickness changes. This phenomenon illustrates that martensitic layer introduced by shot-peening process is modified by heat treatment after 500 hours of exposure. At 650°C part of the martensite slowly reverts into austenite, and diffusion slowly levels the concentration of carbon. On cooling some residual martensitic transformation may also take place [START_REF] Gauzzi | AISI 304 steel: anomalous evolution of martensitic phase following heat treatments at 400[END_REF], [START_REF] Meszaros | Magnetic investigation of the effect of α-martensite on the properties of austenitic stainless steel[END_REF]. A closer comparison between In the coating (z>0), the conductivity and relative permeability fluctuate, showing highly heterogeneous properties of the coating along the depth of the material. This heterogeneity was mainly caused by the thermal spraying process. A higher peak of relative permeability present in the coating at a depth around 100 micrometers in Fig. 5.15 (a) compared to the corresponding peak in Fig. 5.15 (b) indicates that this heterogeneity in the coating is also affected by the time of heat treatment in air at 650°C.

Electromagnetic profile

As-received sample

Heat-treated in air at 650°C

In the substrate (z<0), the conductivity and relative permeability in provides a mean for the monitoring of the heat treatment.

Heat treatment in SO 2 environment

In previous section, we discussed the ECT measurement of thermal sprayed Hastelloy coating on type 304 steel after exposure in air at 650°C. In this section we will further discuss the situation where the material is exposed in SO 2 environment at 650°C. For these samples, four exposition times are used: 0 hour, 350 hours, 200 hours and 500 hours, respectively. This phenomenon shows that the martensitic layer was modified by heat treatment in 0.01% SO 2 environment at 650°C. If it is linked with carbon diffusion, it seems that the exposure to SO 2 prevents this diffusion and that the martensite layer somehow becomes a barrier. Another explanation is a wavy interface in the investigated area that averages the substrate and martensitic layer properties. As exposure time in 0.01% SO 2 increase to 500 hours, this peak becomes sharper, showing different behavior from the case of exposure in air for the same time. This illustrates that the heating environment affects the properties of this modified martensitic layer formed on the surface of the substrate.

The conductivity and relative permeability of this shot-peened induced martensitic layer formed in the surface of the austenitic 304 steel after treated in 0.01% SO 2 at 650 °C for 200 hours are 1.05 MS/m, 3.05 respectively. Compared to valued measured on sample of the initial state, the Young's modulus of this layer decreased from about 250 GPa to 200 GPa, and density increased from 7.5 to 8.0 g/cm 3 after treated in 0.01% SO 2 at 650 °C for 200 hours.

This difference should be caused by the heat treatment effect, in which SO 2 corrosion may occurred, causing decrease of Young's modulus and increase of density of the martensitic layer. Yet bringing light oxygen atoms in a structure containing heavy metal atoms and voids should not have a very large effect. Compared to the properties of this layer after exposure in air for 200 hours, the Young's modulus decrease even much; however the density considerably increased from 7.0 to 8.0 g/cm 3 .

In the coating (z>0), the conductivity and relative permeability fluctuate, showing highly heterogeneity of the coating properties along the depth of the material. This heterogeneous behavior was mainly caused by the thermal spraying process.

In the substrate deeper than the martensitic layer (z<0), the conductivity and relative permeability in Fig. 5.18 (b) are almost the same compared to those in Fig. 5.18 (a). In contrast with the decrease of relative permeability in the case of exposure in air environment, after longer time of exposure in 0.01% SO 2 , the conductivity and relative permeability did not change much. This illustrates that deep in the substrate, the material was not deteriorated by SO 2 , showing good corrosion resistance of the thermal sprayed Hastelloy C22 coating on type 304 steel. This shows the protective role of the martensite layer. In order to study the effect of SO 2 content on the evolution of electro-magnetic properties of the thermal sprayed coating on type 304 steel, the SO 2 content is increased to 0.1 %. Besides, the conductivity of this layer after exposure in SO 2 for 500 hours decreased from 1.68 MS/m to 1.11 MS/m, and the relative permeability decreased from 4.01 to 1.75, compare to values of the initial state. This evidence indicating that the electric-magnetic properties of this thin layer previously induced by shot-peening changed considerably, recovered back to the initial values of the initial austenitic steel, whose conductivity and relative permeability are 1.08 MS/m and 1.0, respectively. A comparison of the electro-magnetic properties of the material after different treatments can be found in Table 5.1. In the substrate deeper than the martensitic layer (z<0), the conductivity and relative permeability in Fig. 5.18 (b) are almost the same compared to those in Fig. 5.18 (a). This illustrates that deep in the substrate, the material was not deteriorated in 0.1% SO 2 environment, showing good corrosion resistance of the thermal sprayed Hastelloy C22 coating on type 304 steel. 

Data inversion and coating thickness measurement

Fusion of the data from UT and ECT aims at better distinguishing the relative importance of the various phenomena, which influence the electromagnetic or acoustic signatures. As a first illustration, basic data fusion of the evaluated coating thicknesses get by reverse analysis of both ECT [TAKAHASHI12] and US techniques is performed in order to improve the accuracy of the actual coating thickness's assessment. , which shows that the result fusion of these two method is better than that of a single method (US or ECT) used.

Conclusion

AM and swept eddy current measurement were implemented on the testing and evaluation of the thermal sprayed Hastelloy C22 coating on type 304 steel. The Young's modulus and density of the coating as well as the substrate and the interface were measured by AM method. And the electro-magnetic properties, i.e., conductivity and relative permeability of the sprayed coating were measured by swept eddy current method.

An integration of these two methods can provide comprehensive understanding of the evolution of the coated material of 3 kinds of conditions: initial, heat-treated in air at 650°C and heat-treated in SO 2 at 650 °C.

Both AM and ECT measurements confirm that a thin martensitic layer, which was about 40 micrometers was introduced by shot peening process applied in the surface of the substrate before spraying of the coating. Young's modulus and density of the coating as well as the modified martensitic layer were measured by the integrity of AM and ECT.

The main results are:

(1) The Young's modulus, density, conductivity and relative permeability of the shot-peened induced martensitic layer formed in the surface of the austenitic 304 steel are 250 GPa, 7.5 g/cm 3 , 1.68 MS/m, 4.01, respectively. The values of conductivity and relative permeability of this martensitic layer are higher than initial austenitic 304 steel, which are 1.08 MS/m and 1.0, respectively.

(2) The Young's modulus, density, conductivity and relative permeability of this shot-peened induced martensitic layer formed in the surface of the austenitic 304 steel after treated in air at 650 °C for 200 hours are 225 GPa, 7.0 g/cm 3 , 1.69 MS/m, 4.86, respectively.

(3) Heat treatment in air for 200 hours increases the Young's modulus and density of the coating. However, as the heat time increase to 500 hours, the Young's modulus and density drop dramatically, showing serious degradation in the properties of the coating for 500 hours in this heat treatment 650°C.

(4) The Young's modulus, density, conductivity and relative permeability of this shot-peened induced martensitic layer formed in the surface of the austenitic 304 steel after treated in 0.01% SO 2 at 650 °C for 200 hours are 200 GPa, 8.0 g/cm 3 , 1.05 MS/m, 3.05, respectively. Compared to valued measured on sample of the initial state, the Young's modulus of this layer decreased from about 250 GPa to 200 GPa, and density increased from 7.5 to 8.0 g/cm 3 after treated in 0.01% SO2 at 650 °C for 200 hours.

(5) The Young's modulus and density of the coating decrease dramatically after exposure to SO 2 at 650° due to serious corrosion in exposure SO 2 .

Conclusion remarks

This work focused on the theoretical and experimental investigation of nondestructive evaluation of Hastelloy C22 thermal sprayed coating on type 304 substrate using acoustic Based on the research outcome, the major conclusions can be summarized as follows:

1. The reflection and transmission coefficient of acoustic wave propagation in an anisotropic multilayered medium have been derived. In particular, in a thermal sprayed coated material, which can be treated as a multilayered medium due to the elaboration process, the reflection coefficient is necessary for the numerical analysis of acoustic microscopy.

2. The analytical modeling of V(z) curves of acoustic microscopy for the non-destructive evaluation of anisotropic multilayered medium has been established.

A modified formulation of the angular spectrum of the transducer based on the theoretical analysis of a line-focus transducer for broadband acoustic microscopy has been proposed.

3. An analytical model for swept eddy current testing based on TREE method has been established to predict the impedance of the coil when it is placed over a multilayered 139 conductor. The coating thickness and electromagnetic properties of the thermal sprayed coating, the inner shot-peened (SP) layer, as well as the substrate have been characterized by an inverse process based on the analytical modeling, with higher efficiency over Dodd model. Each conclusion is elaborated in the following sections.

Modeling elastic wave propagation in anisotropic multilayered media

Acoustic wave propagation in a multilayered medium with and without a substrate is discussed. The reflection and transmission coefficient of the acoustic wave is derived using a hybrid method, which combines Stroh formalism and Recursive Stiffness Matrix method.

Both numerical and analytical results are studied and validated by comparison of our numerical simulation of acoustic wave propagation with experimental and numerical results from the literature. For instance, in a thick anisotropic composite, the excellent agreement obtained indicates that the hybrid method is efficient for the calculation of reflection and transmission coefficients. Furthermore, numerical study of the acoustic wave propagation in a thermal sprayed coating on substrate is presented.

Acoustic microscopy of thermally sprayed coatings

A model of line-focus microscopy has been derived by the angular spectrum approach.

Using this model, we studied V(z) curves of a thermal sprayed coating on substrate in order to evaluate its elastic properties. We validated the evolution of the elasticity with depth within the thick coating by means of an iterative, destructive, test. The observed agreement between the results from the FGM model and the multilayered model suggests that we can measure the desired gradient in a completely non-destructive way.

Modeling of eddy current method for the testing and evaluation of thermal spray coatings

Two models of swept eddy current testing of a rectangular cross-section coil over multilayer conductor are discussed. One is based on DODD method and the other one is based on the TREE method. The feasibility of the two methods for the non-destructive testing and evaluation of the Hastelloy C22 thermal spray coating on type 304 stainless steel substrate is discussed. An inverse process, based on the TREE model is implemented in order to extract the material properties.

The main features of the materials are:

(1) The conductivity of the substrate and coating are 1.08×10 6 S/m and 2.0×10 6 S/m, respectively; and their relative permeabilities are 1.0 and 2.5 respectively.

(2) The mean values of thickness, apparent conductivity, and apparent relative permeability of the SP layer were determined as 19 μm, 1.68×10 6 S/m, and 4.01 respectively.

(3) The resonance frequencies of heat-treated test pieces in air are higher than those of as-received test pieces. This is due to the decrease of the martensitic phase in the shot-peened layer by heating. As the duration of the heat treatment increases from 200 hours to 350 hours, the resonance frequencies increase as coating thickness increases; however from 350 hours to 500 hours, the resonance frequencies decrease as coating thickness increases.

(4) The apparent relative permeability of SP layer decreases from 4.1 to 1.5 by the reverse martensitic transformation after SO 2 treatment. The resonance frequencies of heat-treated in 0.1% SO 2 environment test pieces shows different tendency with regards to coating thickness from that were treated in 0.01% SO 2 environment.

(5) The roughness of the coating has a strong effect on the values measured by the inverse analysis. The apparent obtained values are lower than values calculated from measurement, in which etching eliminated the effect of roughness.

Combination of Acoustic microscopy and ECT method for the evaluation of thermally sprayed coatings

Acoustic microscopy (AM) and swept eddy current (ECT) measurement were implemented together for non-destructive evaluation purpose. The Young's modulus and density of a thermal sprayed Hastelloy C22 coating as well as the type 304 steel substrate and the interface were measured by AM method. The electro-magnetic properties, i.e. the conductivity and the relative permeability of the sprayed coating were measured by ECT.

A combination of these two methods can provide comprehensive understanding of the evolution of the coated material. This has been tested over 3 kinds of environmental conditions: initial, heat-treated in air at 650°C and heat-treated in SO 2 at 650 °C.

Both AM and ECT measurements confirm that a thin martensitic layer, which is about 40 micrometers thick was introduced by the shot peening process applied to the surface of the substrate before spraying the coating. Young's modulus and density of the coating as well as the modified martensitic layer were measured by AM and ECT.

The main results are:

(1) The Young's modulus, density, conductivity and relative permeability of the shot-peened induced martensitic layer formed in the surface of the type 304 austenitic steel are 250 GPa, 7.5 g/cm 3 , 1.68 MS/m, 4.01, respectively. The conductivity of 1.69 MS/m and the relative permeability of 4.86 of the martensitic layer are higher than those of the initial austenitic steel, which are 1.08 MS/m and 1.0 respectively.

(2) The Young's modulus and density of the SP-induced martensitic layer formed in the surface of the austenitic 304 steel after treated in air at 650 °C for 200 hours are 225 GPa and 7.0 g/cm 3 respectively.

(3) Heat treatment in air for 200 hours increases the Young's modulus and density of the coating. However, as the duration of the heat treatment increases to 500 hours, the Young's modulus and density dramatically drop, showing serious degradation in the properties of the coating for 500 hours in this 650° heat treatment.

(4) The Young's modulus, density, conductivity and relative permeability of the SPinduced martensitic layer in the austenitic 304 steel that underwent a heat treatment of 200 hours at 650 °C in a 0.01% SO 2 atmosphere are 200 GPa, 8.0 g/cm 3 , 1.05 MS/m and 3.05 respectively. Compared to valued measured on sample of the initial state, the Young's modulus of this layer decreased from about 250 GPa to 200 GPa, and density increased from 7.5 to 8.0 g/cm 3 after treated in 0.01% SO2 at 650 °C for 200 hours.

(5) The Young's modulus and density of the coating dramatically decrease after exposure to SO 2 at 650° due to serious corrosion.

Future work and challenges

In this section we will present the future work that could be undertaken and the future challenges for the non-destructive evaluation of material using acoustic microscopy and eddy current methods.

Acoustic microscopy

The surfaces of the samples described in this thesis were carefully etched using polishing papers in order to eliminate the effect of roughness on the V(z) measurement. But in real situations, for on-line testing and evaluating of structures and components, polishing is undesirable or not practical. Thus the effect of roughness and surface defect should be taken in to consideration in the modeling of V(z) curves. Ultrasonic velocity may also change due to residual stresses induced in material processing such as shot peening, as in the case of thermal sprayed coated materials. All these situations require new numerical modelings of acoustic wave propagation in complex media, for instance with imperfect boundary conditions and complex textures as well as residual stress.

Eddy current testing

In ECT measurement, the effect of roughness is significant in the impedance spectra of ECT measurement, as illustrated in this thesis. Further work is needed on building new models, which will also consider the effect of roughness on the ECT measurement. Efforts should also be conducted for improving the accuracy of the properties obtained by the inverse analysis process, especially the properties of the inner layer. Indeed, this is of particular importance in such multi-layered media as the thermal sprayed coated materials, in which the manufacture processes and the heat treatments may induce several inner layers.

Conclusions (en français)

Ce travail a porté sur l'étude théorique et expérimentale de l'évaluation non destructive de revêtement de type Hastelloy C22 pulvérisé thermiquement sur un substrat d'acier austénitique de type 304 en utilisant la microscopie acoustique et de la méthode d'essai par courants de Foucault dans un effort pour présenter :

(1) une synthèse bibliographique sur les méthodes de microscopie acoustique et des courants Chacune de nos conclusions est développée dans un des paragraphes distincts suivants. Nous avons validé l'évolution de l'élasticité avec la profondeur dans l'épaisseur de la couche à l'aide d'un processus de test itératif mais destructeur. L'accord observé entre les résultats du modèle FGM et ceux du modèle multicouche suggère que nous pouvons mesurer le gradient désiré de manière totalement non-destructive.

Modélisation de la propagation des ondes élastiques dans les milieux multicouches anisotropes

Microscopie acoustique des revêtements obtenus par projection thermique

Modélisation des courants de Foucault pour le contrôle et l'évaluation des revêtements projetés thermiquement

Deux modèles de méthodes d'essai par courants de Foucault balayés en fréquence à l'aide d'une bobine de section transversale rectangulaire placée au-dessus de conducteurs multicouches sont discutés. L'un est basé sur le modèle de Dodd et l'autre est basé sur le modèle de TREE. La faisabilité de ces deux méthodes pour le contrôle et l'évaluation non-destructifs de la pulvérisation thermique de revêtement de type Hastelloy C22 sur substrat en acier inoxydable de type 304 est discutée. Enfin, un processus inverse pour extraire les propriétés des matériaux basé sur le modèle de TREE a été implémenté.

Les principales caractéristiques des matériaux sont :

(1) La conductivité du substrat est de 1,08x10 6 S/m et celle et du revêtement de 2,0x10 6 S/m. Leurs perméabilités relatives sont de 1,0 et 2,5.

(2) Les valeurs moyennes de l'épaisseur, de la conductivité apparente et de la perméabilité relative apparente de la couche de SP ont été déterminées : 19 μm, 1,08x10 6 S/m, et 4,01 respectivement.

(3) Les fréquences de résonance des éprouvettes traitées thermiquement dans l'air sont supérieures à ceux des pièces de test brutes. Cela est dû à la diminution de la phase martensitique dans la couche grenaillée du fait du chauffage. Lorsque la durée du traitement thermique augmente de 200 heures à 350 heures, les fréquences de résonance augmentent l'épaisseur du revêtement, mais entre 350 heures et 500 heures, les fréquences de résonance diminuent à mesure que l'épaisseur du revêtement augmente.

(4) La perméabilité relative apparente de la couche grenaillée diminue de 4,1 à 1,5 par transformation martensitique inverse après le traitement sous SO 2 . Les fréquences de résonance des éprouvettes traitées thermiquement dans un environnement de 0,1% SO 2 montrent une tendance différente en ce qui concerne l'épaisseur du revêtement par rapport à celles qui ont été traitées sous 0,01 % de SO 2 .

(5) La rugosité du revêtement a un effet important sur les valeurs mesurées par la méthode d'inversion. Les valeurs apparentes obtenues sont plus faibles que celles calculées à partir des mesures, pour lesquelles l'effet de la rugosité a été éliminé par polissage.

Combinaison des méthodes ECT et de microscopie acoustique pour l'évaluation des revêtements projetés thermiquement

La microscopie acoustique (AM) et les mesures en courants de Foucault balayés en fréquence (ECT) ont été mises en oeuvre conjointement à des fins d'évaluation non destructive.

Le module d'élasticité et la densité d'un revêtement pulvérisé, de son substrat et de l'interface ont été mesurés par la méthode AM. Les propriétés électromagnétiques, à savoir la conductivité et la perméabilité relative du revêtement pulvérisé ont été mesurées par la méthode ECT.

Une combinaison de ces deux méthodes peut fournir une compréhension globale de l'évolution de du revêtement. Cela a été testé sur 3 types de conditions environnementales: matériau dans son état initial, après un traitement thermique dans l'air à 650°C et traité thermiquement sous atmosphère de SO 2 à 650°C.

Les mesures AM et ECT confirment qu'une mince couche de martensite, de l'ordre de 40 micromètres d'épaisseur environ, a été introduite par le procédé de grenaillage appliqué sur la surface du substrat avant la pulvérisation du revêtement. Le module d'élasticité et la densité de la couche ainsi que la ceux de la couche martensitique ont été mesurés par AM et ECT.

Les principaux résultats sont les suivants:

(1) Le module de Young, la densité, la conductivité et la perméabilité relative de la couche martensitique induite par le grenaillage de la surface de l'acier austénitique de type

Perspectives

Dans cette section, nous allons présenter les travaux qui pourraient être entrepris à l'avenir et les défis futurs pour l'évaluation non destructive de matériaux en utilisant les méthodes de microscopie acoustique et des courants de Foucault.

Microscopie acoustique

Les surfaces des échantillons décrits dans ce mémoire ont été soigneusement polies, en utilisant des papiers de polissage, afin d'éliminer l'effet de la rugosité sur la mesure des fonctions V(z). Mais dans des situations réelles, pour les tests en ligne et l'évaluation des structures et des composants, le polissage n'est pas pratique ou souhaitable. Ainsi, l'effet de la rugosité de surface et défaut doit être prise en considération pour la modélisation des courbes V(z). La vitesse des ultrasons peut également changer en raison des contraintes résiduelles induites par les procédés de mise en forme des matériaux, tels que le grenaillage dans le cas de matériaux revêtus par projection thermique. Toutes ces situations nécessitent de nouvelles modélisations numériques de la propagation d'ondes acoustiques dans des milieux complexes, comme par exemple avec des conditions aux limites imparfaites et des textures complexes, ainsi qu'en présence de contraintes résiduelles.

Le contrôle par courants de Foucault

Comme nous l'avons illustré dans cette thèse, l'effet de la rugosité sur les spectres 
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A1.3 Acoustic transmission

For the determination of the reflection and transmission coefficients of the structure panel depicted in Fig. 1.3, the incident acoustic wave is written as 0 0 0 ( , , , ) . (  ) In the case of a nonmagnetic core, μ r =1, i.e., the coil is regarded as air core, p i =q i , and The expression for coil impedance is [START_REF] Theodoulidis Tp | Eddy current canonical problems (with applications to nondestructive evaluation[END_REF]:
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) As discussed in the text, the Jacobian matrix can be derived following the process below:
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(A) First-order derivative of Q(z 1 ) with respect to z 1 : 
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where, conj stands for the conjugate matrix.
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Fig. 1

 1 Fig. 1.1. Comparison of detection method in relation to typical structures at different scale lengths (after [MEYENDORF04])

Fig. 1. 2

 2 Fig. 1.2 Acoustic lens: (a) point-focus lens and (b) line-focus lens.

1. 3 .

 3 Consider an infinite generally anisotropic plate (layered or plain), having total thickness d and density ρ, whose normal is aligned with the z axis of a reference Cartesian coordinate system (x, y, z). The fluid/solid interface is chosen to coincide with the x-y plane. Using Einstein's convention that repeated indices are implicitly summed over, the equations of motion in the absence of body forces are , 's convention that repeated indices are implicitly summed over. Or in matrix form as

Fig. 1

 1 Fig. 1.3. Geometry of fluid-multilayered plate-substrate system where I, T and T i are the am plitudes of the incident reflected and transmitted waves rescpectively.

C

  αβ α β = are the 36 independent components of the fourth order tensor of the elasticity C, that can be clustered into a 6×6 square matrix using the following convention for the contraction of indices (ij) ~ α; (kl)~β; (11) ~ 1 ; (22) ~ 2 ; (33) ~ 3 ; (23) = (32) ~ 4 ; (13) = (31) ~ 5 ; (12) = (21) ~ 6 (1.8) because C satisfies the (Green) symmetry conditions:

  are the elements of the global transfer matrix [T]=[G]•[T sub ], ρ f and c f are the density and the velocity of the coupling fluid respectively, f and ω are the frequency and the circular frequency of the incident wave with incident angle θ, and k x1 is the tangential component of the wave vector, where sin

  j=1,2,3 denotes the j th partial wave and =(u ,u ,u ) T represents transposition. The positive and negative superscripts represent wave propagation in +z or -z directions, respectively;

[

  

=

  on the (x, y) plane parallel to the layer surface can be related to each of the plane wave displacement fields using Hooke's law, the m th layer are related to the wave amplitudes j a ± in the matrix form as

Fig. 1

 1 Fig. 1.4. Analytical modeling of ENDE (after [LI08])

[

  [START_REF] Dodd Cv | Analytical Solutions to Eddy-Current Probe-Coil Problems[END_REF]. The governing equation was formulated with azimuthal coordinates and solved with the Separation of Variables method. The First-order and second boundary conditions were taken into account for calculating the coefficients in the expression of the solution to the magnetic vector potential in each subdomain. Since the solution has Bessel functions of the first order (see Appendix 4), the Fourier-Bessel equation was used to simplify the integration

;

  T represents transpose; j (=1,2,3) denotes j th partial wave; and j a ± are the amplitudes of six partial waves.. The positive and negative superscripts represent wave propagation in +z or -z directions, respectively;

  x projection of the wave number for the incident wave.

  2

ω

  is the x 1 component of the wavenumber, c is the phase velocity along x 1 .

Fig. 2

 2 Fig. 2.1. Flow chart of the Hybrid method using Stroh formalism and recursive stiffness matrix method.

Fig. 2 Fig. 2 .

 22 Fig. 2.2. Modulus (a) and phase (b) of reflection coefficient for periodic 0_45_90_45 multilayered 745-mm-thick

Fig. 2

 2 Fig. 2.3. Schematic diagram of the composite material in the coordinate system.

Fig. 2

 2 Fig. 2.4. is the reflection (a) and transmission (b) coefficient of fiber reinforced composite in the quasi-isotropic plane of incidence perpendicular to the fibers, with ϕ=0°. Numerical calculations are compared with results of [DESCHAMPS91]. Both situations of non-attenuation and attenuation of acoustic wave in the composite are presented. Attenuation in the composite can be dealt with by setting frequency-dependent viscosities of the composite as the imaginary part in the elastic tensor as:

  Fig. 2.4 (a) and (b) represent these coefficients in the plane of incident perpendicular to the fibers, which is almost isotropic.

Fig. 2

 2 Fig. 2.5 (a) and (b) are relative to the second plane of symmetry which contains the direction of the fibers. And finally, Fig. 2.6 (a) and (b) are results in a non-symmetric plane. As shown in all these figures, the numerical results calculated based on the hybrid method are in good agreement with results from Deschamps both numerically and experimentally [DESCHAMPS91]. This confirms the efficiency of the hybrid method.

Fig. 2

 2 Fig. 2.4. Reflection (a) and transmission (b) coefficient of fiber reinforced composite in the quasi-isotropic plane of

Fig

  Fig. 2.5. Reflection (a) and transmission (b) coefficient of fiber reinforced composite in the high anisotropic plane

Fig

  Fig. 2.7. Reflection (a) and transmission (b) coefficient of fiber reinforced composite in high anisotropic plane of

  .73) Substituting Eq. (2.73) into Eq. (2.72), the relationship between matrices B and A can be obtained

Fig

  Fig 3.1. Sketches of line-focus acoustic microscopy on a functionally graded material (a) and of the PVDF sensor

  equation gives the phase velocity and the amplitude of the possible wave modes. One can note that setting Q = 0 in Eq. (3.7) excludes the effects of the fluid loading and thus gives the opportunity to identify the free wave modes [ACHENBACH02], [NAYFEH95].For a given frequency, the reflection coefficient is a function of the incident angle θ. and shows distinct behavior when the incident angle equals the critical angle associated with a possible wave mode. By virtue of the relation between the incident angle θ and the phase velocity, one obtains the phase velocities of the wave modes for the layered system at a fixed frequency by observing the critical angle θ cr for which the reflection coefficient undergoes a 180̊ phase shift, what identifies a wave mode. The phase velocity is calculated according to Snell's law at the critical angle:

Fig

  Fig.3.2. Reflection (a) and transmission coefficients T 1 (b), T 2 (c) and T 3 (d) of a layered system (Hastelloy thermal sprayed coating on stainless steel substrate) a function of the incident angle.

Fig. 3

 3 Fig.3.2. shows the reflection and transmission coefficient of a thermal sprayed coating on substrate. The reflection coefficient was calculated according to Eq. (2.88) and the three transmission coefficients according to Eqs. (2.89) to (2.91).

Fig. 3

 3 Fig.3.3. 3D reflection coefficient as a function of both the incident angle and the fd product This is an illustration of the high variability of the reflection coefficient as a function of incident angle and frequency-thickness product. Fig. 3.5 illustrates this coefficient for frequency-thickness product up to 20 MHz•mm and for incidence angle from 0 to 40 degree.

Fig. 3

 3 Fig. 3.4. Dispersion curve of the Hastelloy C22 coating on a 304 steel substrate : incident angle (a) and wave mode

  Fig 3.1(b). The line-focus ultrasonic transducer was designed and constructed in our laboratory [ZHANG99]. The piezoelectric element is a Polyvinylidene fluoride (PVDF) material, coated with a thin layer of gold. By a proper choice of the damping material for the backing, this transducer behaves as a broadband device. The radius of curvature of the transducer is 8 mm. The half-aperture angle is 36°, which is large enough for the generation of Rayleigh waves on most of the usual solids. The transducer is connected to a commercially available pulse generator (33250A function/arbitrary waveform generator, Agilent Technologies, Inc.) by a preamplifier working in pulse-echo mode. In these conditions, it is possible to operate with transient signals whose frequency content extends from 5 to several tens of MHz. A digital oscilloscope (Tektronix TDS3012B), together with a personal computer, is used to record and process the time signals. The specimen is immerged in water whose temperature was well controlled by a thermal monitor with a constant temperature of 25 °. During V(z) curve measurement, both the specimen and the transducer are mounted on a mechanical translation stage (Newport 3 axis) equipped with microcontrol stepper motors (10μm minimal step), and rotation controllable for accurate alignment and for the upward or downward movement along the z-axis. The transient response are obtained directly from the output of the system; while the V(z) curves are obtained by fast Fourier transforming a series of transient responses measured at different distances z and then plotted as a function of z at a fixed frequency.

Fig. 3 .

 3 Fig. 3.5 is a comparison between experimental data and modeling on an Inconel 600 bulk material at 18.5 MHz. The V(z) curve in red is calculated based on Eq. (2.88), and the dotted line in blue is measured using a line-focus transducer. To simplify the modeling, the coefficient of reflection R of the wave impigning the Inconel 600 bulk material immerged in water is calculated based on the canonical Brekhovskikh model. It can be expressed as [BREKHOVSKIKH80]: ( ) ( ) 2 2 2 2 cos 2 sin 2 cos 2 sin 2 l s s s l s s s Z Z Z R Z Z Z θ θ θ θ + -= + +

Fig. 3

 3 Fig. 3.5. Comparison between experiment and modeling of V(z) curves for an Inconel 600 bulk material at 18.5 MHz. Inset shows the reflection coefficient of the Inconel 600 bulk material immerged in water, whose temperature was well controlled by a thermal monitor with a constant temperature of 25°. 67

Fig. 3

 3 Fig. 3.6. Comparison of reflection coefficient calculated between Eqs. (2.88) and (3.9) of Brekhovskikh model at

Fig. 3

 3 Fig. 3.7. V(z) modeling and experimental comparison of the Hastelloy C22 coating on the type 304 austenitic stainless steel at 10 MHz. The coating thickness is 125 μm.

Fig. 3 .

 3 Fig. 3.7 is a comparison between experimental data and modeling on a Hastelloy C22 coating on a 304 austenitic stainless steel at 10 MHz. And the reflection coefficient was calculated by using Eq. (2.88). Good agreement is observed between the modeling and

Fig. 3

 3 Fig. 3.8. V(z) curves of coated material with different coating thickness as well as curves of the 304-tppe stainless steel (Vs(z)) and the Hastelloy C22 coating (Vc(z)) materials as substrates, the applied frequency is 6 MHz.

Fig. 3

 3 Fig.3.9(a) are V(z) curves of the coated material at 6 MHz with a Young's modulus of the coating varying from 160 to 300 GPa. It shows how such curves are also sensitive to the Young's modulus of the coating, which indicates that V(z) measurement could be a good way to evaluate the elastic properties of the coating, if the coating thickness is otherwise well controlled. Fig.3.9(b) shows V(z) curves of the coated material at 6 MHz with a Poisson ratio of the coating varying from 0.1 to 0.46. It shows that V(z) curves are almost insensitive to the variation of Poisson ratio than Young's modulus. In addition, both Fig.3.8 and Fig.3.9 show that V(z) curves show little difference between materials of different coating thickness in the range of z>0. This phenomenon has its origin in the fact that at positive defocus (z>0) the V(z) curves are dominated by the geometry of the transducer and the properties of coupling fluid[START_REF] Zhang | Theoretical and experimental response for large-aperture broadband spherical transducer probing a liquid-solid boundary[END_REF]. Therefore, for the analysis of the properties of the materials under evaluation

Fig. 3

 3 Fig. 3.9. V(z) curves of the Hastelloy C22 coating on the type 304 austenitic stainless steel at 6 MHz with a coating thickness of 100 m, (a) with coating Young;s modulus varying from 160 to 300 GPa and (b) Poisson ratio varying from 0.1 to 0.46.

  For a fixed transducer and coupling fluid, the V(z) curves vary as the coating properties and thickness change. The objective of the data inversion is to determine features of the assumed isotropic thermal sprayed 22-type Hastelloy coatings, e.g., Young's modulus E, Poisson's ratio ν, and the coating thickness d.

Fig. 3 .

 3 Fig. 3.10. Experimental and optimized V(z) curves of coated materials

Fig. 3 .

 3 Fig. 3.11. Illustration of the data inversion process.

Fig. 3 .

 3 Fig. 3.12. Coating thickness and Young's modulus of 22-type Hastelloy coatings on a substrate of type 304

Fig. 3 .

 3 Fig. 3.13. V(z) curves of measured and calculated functionally graded coating on substrate as a function of

Fig. 3 .

 3 Fig. 3.13 shows measured and calculated V(z) curves of a functionally graded coating on substrate with different exponential index λ. Only positive values of λ are considered, because the behavior of <E(z)> shown in Fig. 3.12 indicates that the only possibility for the proposed E(z) expression Eq. (3.11) is to have a positive value of λ. A V(z) optimization process was performed to obtain the exponential index of the previously described specimen, which is found to be a functionally graded material along the depth of the coating. The value of the exponential rate that offers the best fit between the measured and modeled values of <E(h)> is λ = 5.23. Using this exponential rate in Eq. (3.11) provides the optimized Young's modulus profile shown in Fig. 3.14 by the curve with triangle markers.

  14): λ and ΔE. A data reversion process was conducted applying Eq. (3.14) in a MatLab curve-fitting program using the measured 15 pairs of <E(h)> and h values. The two obtained parameters were λ=5.28 and ΔE=140GPa, which were used in the computation of the E(h) profile shown in Fig. 3.14 by the curve with diamond markers.

Fig. 3 .

 3 Fig. 3.14. Comparison of the evaluated Young's modulus gradation E(z) by V(z) optimization (triangle),

Fig. 3 .

 3 Fig. 3.14 thus enables us to compare the evaluated Young's modulus profile E(z) obtained by the optimization of the V(z) measured on the raw sample with those obtained by the <E(h)> data inversion with or without analytical model. It shows that the proposed exponential Young's modulus model accurately described its actual behavior, since it was validated through destructive measurements. Thus our FGM-based hybrid optimization

Fig

  Fig. 4.1.

Fig. 4

 4 Fig. 4.1. Eddy current interaction with conductive sample.

  Cheng and co-workers [CHENG71], to ferrite-core probes [THEODOULIDIS06], [THEODOULIDIS03], [THEODOROS08], [THEODOULIDIS05], [LU12], [LI08], [LI12].

Fig. 4

 4 Fig. 4.2. Sketch of a coil of air-core and rectangular cross-section over a multi-layered conductor

Fig. 4

 4 Fig. 4.3. Equivalent circuit of the probe.

  J n denotes the Bessel function. b is the radial truncation distance of the model domain. The eigenvalues a i are the positive roots of the equation 1 ( ) 0 i J b α = . μ 0 stands for the permeability of vacuum. μ n and σ n are the relative permeability and the conductivity of each layer, respectively. ω is the angular frequency of excitation.

Fig. 4

 4 Fig. 4.4. Sketch of a coil of air-core and rectangular cross-section over a thermal sprayed Hastelloy C22coating on a substrate, on which the surface of the substrate is shot-peened and forms an inner layer.

  Parameter sensitivity of the TREE model is carried out, as shown in Fig.4.5-Fig.4.7.Both real part and imaginary part of the coil impedance (Z 1 ) are plotted and compared with Li model. Excellent agreement is observed, which validate the efficiency of the model build above. As shown in Fig.4.5-Fig.4.7, lift off (z 1 ), coating thickness (d 1 ) and conductivity (σ 1 ) variation have considerable effect on both the real and imaginary part of the impedance of the coil, indicating that these parameters can be obtained by the inversion of the measurement of coil impedance.

Fig. 4

 4 Fig. 4.5. Impedance (Z 1 ) variation against lift-off (z 1 ), (a) real part, (b) imaginary part. The conductivity, relative permeability and thickness are 0.12 MS/m, 1, 100 μm, respectively for the coating and 1MS/m, 1, and 5 mm for the substrate (Table 4.2). Comparison of Eq. (4.29) with Li model [LI12] is presented.

  Fig. 4.8-Fig. 4.10. Both real part and imaginary part of the coil impedance (Z 1 ) are plotted and compared with Li model. Excellent agreement is observed, which validate the efficiency of the model build above. As shown in Fig. 4.8-Fig. 4.10, lift off (z 1 ), coating thickness (d 1 ) and conductivity (σ 1 ) variation have considerable effect on both the real and imaginary part of the impedance of the coil, indicating that these parameters can be obtained by the inversion of the measurement of coil impedance.

Fig. 4

 4 Fig. 4.8. First order derivative of ∂F/∂d1; (a) Real part, (b) Imaginary part.

Fig. 4 .

 4 Fig. 4.10. First order derivative of ∂F/∂σ 1 ; (a) Real part, (b) Imaginary part.

Fig. 4 .

 4 Fig. 4.11(a) is 3D plot of the discrepancy in reverse process, where χ 2 =ε T ε. As an example, The applied frequencies are from 1 to 5 MHz, z 1 =0.2 mm, d 1 =0.1 and σ 1 =0.2 MS/m, respectively; and the inner and outer radii, height, number of turns of the coil and the redial truncation distance of the model domain are r 1 =0.6 mm, r 2 =1.6 mm, H=0.8 mm, N=160, b=12.0 mm, respectively. In the figure a minimum value exist, whilst several local minimum exist. These local minimal values should be got rid of in the LM inversion process. The contour feature of the value in Fig. 4.11(a) is presented in Fig. 4.11(b), where the minimum is obvious. The optimized variables are d 1 =0.099 mm, σ 1 =0.200 MS/m, respectively, which are right the coordinates of the minimal point in Fig. 4.11(b), with a relative error of 1.2%.

Fig. 4 .

 4 Fig. 4.12 is the iteration of the inverse process, variables to be estimated are z 1 (lift-off), d 1 (coating thickness) and σ 1 (coating conductivity). In the figure, no more than 10 iterations are needed for the parameter optimization, indication the efficiency of the LM algorithm in TREE model.

Fig. 4 .

 4 Fig. 4.13. Configure of the coil.

Fig. 4 .Fig. 4 .Fig

 44 Fig. 4.14. Modulus of Impedance versus thickness of the (a) coating and (b) inner layer

Fig. 4 .

 4 Fig.4.17 shows impedance spectra when the probe was put on the type 304 austenitic stainless steel substrate, thermal spraying test piece with shot peening (SP), and one without shot peening (NSP). Both experimental measurement and numerical results are presented. It shows a considerable change in the amplitude of the spectra, indicating that shot peening has changed the impedance of the sample. This change is caused by a formation of a modified martensitic layer in the surface of the substrate in the shot peening process. Other researchers have also observed this martensitic transformation in the shot peening process of Ni based alloy[START_REF] Meszaros | Magnetic investigation of the effect of α-martensite on the properties of austenitic stainless steel[END_REF]. Values of coating thickness, conductivity and relative permeability of the coating and the shot-peened layer were obtained by the inversion process described in Section 4.2, and are listed in Table4.3. As a result, the conductivity of the substrate and

Fig. 4 .

 4 Fig. 4.17. Impedance spectra of substrate and as-received samples: (a) shot peening (SP) and non shot peening

Fig. 4 .

 4 Fig. 4.17(b) is the impedance spectra of samples with changing coating thicknesses. The different spectra indicate that ECT measurement are sensitive to coating thickness and can be used to determine the thickness of the coating. As shown in Table4.3, coating thicknesses were obtained by inversion process and the relative error was within 8.2%.

Fig. 4 .

 4 Fig. 4.18 is the impedance spectra of heat-treated sample in air at 650 °C. The influence of the duration of the heat treatment time can be observed in Fig. 4.19. Resonance frequency decreases as thickness of coating increases. The resonance frequencies of heat-treated test pieces are higher than those of as-received test pieces, which is due to the decrease of martensitic phase in the shot-peened layer by heating. One may also notice that as the heat treatment time increases from 200 hours to 350 hours, resonance frequencies increase; however as heat time increase from 350 hours to 500 hours, resonance frequencies decrease. This decrease of resonant frequency should be caused by the degradation of the coated material in oxidation. Maximal moduli of impedance of the heat treated samples are also presented in Fig. 4.19 (b). Maximal modulus increases as thickness of coating increases. Compared to the different tendencies in resonance frequencies, no large different in maximal modulus is observed.

Fig. 4 .

 4 Fig. 4.19. ECT results of heat-treated sample in air; (a) resonant frequency, (b) maximal modulus of impedance

  time increases. On the contrary, visible differences in impedance spectra of sample in different SO 2 environment are particularly in Fig.4.20 (b).

  Fig. 4.21. ECT measurement results of heat-treated samples in 0.01% SO 2 (a) resonant frequency, (b) maximal modulus of impedance

Fig. 5

 5 Fig. 5.1. AM measurement of As-received coatings: Young's modulus and density profile evolution along the

Fig. 5 Fig

 5 Fig. 5.2. SEM image at the interface of Hastelloy C22 coating on 304 steel of the initial state. Martensite

Fig. 5

 5 Fig. 5.3 is the measured Young's modulus and density of the heat-treated coating in air at 650°C. The heat treatment times are 200 and 500 hours, respectively. A common tendency towards slightly lower density and modulus was observed when compared to the substrate. What may change in the steel due to the long heat treatment? Diffusion from the surface

Fig. 5

 5 Fig. 5.4. SEM image of the coating heat-treated in air at 650°C for 200 hours

Fig. 5

 5 Fig. 5.7. SEM image of the interface layer.

Fig

  Fig. 5.8. AM results of the SO 2 treated sample at 650° for 200 hours (a) vs. 500 hours (b) ; the SO 2 content is 0.01%.

Fig. 5

 5 Fig. 5.8 is AM measured profile of Young's modulus and density along the depth of the coating, where z=0 is the interface between the sprayed coating and the substrate. As shown in Fig. 5.8, coating Young's modulus and density of the coating decrease dramatically for the sample treated in SO 2 environment for 200 hours. Values of both Young's modulus and density at the top surface of the coating are much lower than value near the bottom of the coating. It is tempting to link this degradation of Young's modulus and manly

Fig. 5

 5 Fig. 5.9. SEM steel next to the interface.

Fig. 5 .

 5 Fig. 5.10 is an SEM image of the coating near the surface sample after 200 hours of exposure in SO 2 environment. In Fig. 5.10(a) large amount of porosities near the surface of the coating can be seen from the image; whereas much less porosity can be seen deep in the coating in Fig. 5.10(b). This can explain the decrease of Young's modulus and density of the coating near the surface of the coating.

Fig. 5 .

 5 Fig. 5.10. SEM image of the coating of the sample exposed in SO 2 environment after 200 hours of exposure; (a) near the coating surface, (b) deep in the coating

Fig. 5 .

 5 Fig. 5.11 is the Young's modulus and density profile of the treated sample exposed to 0.1%

Fig. 5 .

 5 Fig.5.12 shows curves of impedance of the coated material measured by Swept ECT measurement. The applied frequency varies from 2.3 MHz to 3.3 MHz. Measurement applied on a sample with changing coating thickness by step-by-step mechanical polishing suing sand paper. The amplitude of impedance showed successive evolution as the coating thickness changed. This variation in amplitude of impedance shows that swept eddy current measurement is sensitive to coating thickness variation and thus is a good way to measure the coating thickness.

Fig. 5 .

 5 Fig.5.13(a) is coating conductivity and relative permeability calculated by method described in Chapter 4. In Fig.5.13(a), a peak appears in both conductivity and relative permeability at depth about 40 μm below the surface of the substrate, showing a modified layer of thickness about 40 μm next to the interface of the substrate and the coating. This peak also appeared in the Young's modulus profile as shown in Fig.5.1. Considering the fact that the depth and thickness of this distinguished layer is in highly accordance with microstructure observation, we are confident that this layer should be the martensitic layer formed in the shot-peened process. With the measured valued of AM and ECT combining microstructural observation, it is clear now that the conductivity and relative permeability of the shot-peened induced martensitic layer formed in the surface of the austenitic 304 steel are 1.68 MS/m, 4.01, respectively. The values of conductivity and relative permeability of this martensitic layer are higher than initial austenitic 304 steel, which is 1.08 MS/m and 1.0, respectively. It

Fig. 5 .

 5 Fig. 5.13 (b) shows the measured maximal value of impedance modulus by swept ECT curves (in Fig. 5.12) and resonant frequencies versus coating thickness. It is observed that the maximum values of impedance curve increase as the coating thicknesses increases. On the contrary, resonance frequencies decrease as the coating thickness increase. A slight discontinuity at around 40 μm below substrate surface in the curve of both maximal value of modulus of impedance and resonant frequency indicates that there are changes in material

Fig. 5 .

 5 Fig. 5.14. Swept eddy current measurement of Hastelloy C22 thermal sprayed coating on type 304 stainless steel. The sample is heat-treated in air at 650°C; (a) for 200hours and (b) for 500 hours.

Fig. 5 .

 5 Fig. 5.14 is the measured modulus of impedance of the Hastelloy C22 thermal sprayed coating on type 304 stainless steel by swept eddy current. The sample has been heat-treated in

Fig. 5 .

 5 Fig. 5.15. Conductivity and relative permeability by ECT measurement on the Hastelloy C22 thermal sprayed

Fig. 5 .

 5 Fig. 5.15 is coating conductivity and relative permeability calculated by method described in Chapter 4. In Fig. 5.15, as in the case of Fig. 5.13, a peak appears in both conductivity and relative permeability at depth about 40 μm below the surface of the substrate, showing a modified layer of thickness about 40 μm next to the interface of the substrate/coating. As discussed in the case of initial state material, this phenomenon is caused by the martensitic transformation in the shot-peening process. The conductivity and relative permeability of this shot-peened induced martensitic layer formed in the surface of the austenitic 304 steel after treated in air at 650°C for 200 hours are 1.69 MS/m, 4.86, respectively.For electromagnetic properties, the conductivity and relative permeability of this layer are not far from those values of initial state, which is 1.68 MS/m, 4.01 respectively, indicating that heat treatment in air for 200 hours did not have a strong effect on the electromagnetic properties of this martensitic layer. However, after longer time of exposure in air, i.e., from 200 hours to 500 hours, the conductivity and relative permeability of this layer change a lot, and the peak in Fig.5.15 (a) disappears. The conductivity of this layer decreased from 1.69 MS/m to 1.06 MS/m and the relative permeability decreased from 4.86 to 2.0, respectively.

  Fig. 5.15 (a) and Fig. 5.15 (b) in the substrate indicates that the relative permeability below surface of the steel drops considerably, and the peak at about 40 micrometers depth disappears and the values of conductivity and relative permeability of the martensitic layer are close to those of the substrate.

  Fig. 5.15 (b) are different compared to those in Fig. 5.15 (a) .The conductivity increased and relative permeability decreased, indicating longer exposure in air also modified the electric and magnetic properties of the substrate.

Fig. 5 .

 5 Fig. 5.16. Maximal impedance modulus resonant frequency measured by swept eddy current curves as shown in

Fig. 5 .

 5 Fig. 5.16 is the maximal impedance modulus resonant frequency measured by swept eddy current curves as shown is Fig. 5.14. A slight discontinuity at around 40 μm below

Fig. 5 .

 5 Fig. 5.17. Swept eddy current measurement of Hastelloy C22 thermal sprayed coating on type 304 stainless steel. The sample is heat-treated in 0.01% SO 2 at 650°C; (a) for 200hours and (b) for 500 hours.

Fig. 5 .

 5 Fig. 5.17 is the measured modulus of impedance of the Hastelloy C22 thermal sprayed coating on type 304 stainless steel by swept eddy current. The sample has been treated in 0.01% SO 2 at 650°C; (a) for 200 hours and (b) for 500 hours. Distinguishable evolution of the impedance of the material can be seen from this figure, indicating that there are variations in the properties of the material after different time of exposure in 0.01% SO 2 at 650°C.

Fig. 5 .

 5 Fig. 5.18. Conductivity and relative permeability by ECT measurement on the Hastelloy C22 thermal sprayed coating on substrate of a type 304steel heat-treated in 0.01% SO 2 at 650°C; (a) 200 hours and (b) 500 hours.

Fig. 5 .

 5 Fig. 5.18 is the coating conductivity and relative permeability of a type 304 steel heat treated in 0.01% SO 2 at 650°C; (a) 200 hours and (b) 500 hours. In Fig. 5.18, a peak appears in both conductivity and relative permeability at depth about 40 μm below the surface of the substrate, showing a modified layer of thickness about 40 μm next to the interface of the substrate/coating. As discussed in the case of measurement of material of the initial state and that treated air for 200 hours, this phenomenon is caused by the martensitic transformation in the shot-peening process. For 200 hours, the difference is that the value and relative permeability of this peak are lower than in the case of the initial state and heat treated in air.

Fig. 5 .

 5 Fig. 5.19. Maximal impedance modulus resonant frequency measured by swept eddy current curves on the Hastelloy C22 thermal sprayed coating on substrate of a type 304steel heat-treated in 0.01% SO 2 at 650°C as shown in Fig. 5.17. The exposure times are (a) 200 hours and (b) 500 hours, respectively.

Fig. 5 .

 5 Fig. 5.19 is the maximal impedance modulus resonant frequency measured by swept eddy current curves as shown is Fig. 5.17. The heat treatment times in 0.01 SO 2 at 650 °C are 200 hours and (b) 500 hours, respectively. In contrast to the big change observed in the case of exposure in air, no strong variation in the curve of maximal modulus of impedance and resonant frequency occurred in the case of exposure in 0.01% SO 2 . This indicates that heat treatment in 0.01% SO 2 did not have a strong effect on the electrical and magnetic properties of the material, except in the near surface layer of the coating. The maximal modulus of impedance in Fig. 5.19 (a) and Fig. 5.19 (b) shows different behavior in the region near the surface. This illustrates the heat treatment in 0.01% SO 2 at 650 °C after different time of exposure result in different modification of the electric and magnetic properties of the coating in the near surface.

Fig. 5 .

 5 Fig. 5.20 shows the measured modulus of impedance of the Hastelloy C22 thermal sprayed coating on type 304 stainless steel by swept eddy current. The sample is heat-treated in 0.1% SO 2 at 650°C; (a) for 200 hours and (b) for 500 hours. Distinguishable evolution of the impedance of the material can be seen from this figure, indicating that there are variations

Fig. 5 .

 5 Fig. 5.21 shows the coating conductivity and relative permeability of the material heat treated in 0.1% SO 2 environment. As shown in Fig. 5.21, no peak appears in both conductivity and relative permeability at depth about 40 μm below the surface of the substrate, indicating that this martensitic layer is totally modified by 0.1 SO 2 treatments at 650°C. The conductivity and relative permeability of this shot-peened induced martensitic layer formed in the surface of the austenitic 304 steel after treated in 0.1% SO 2 at 650°C for 200 hours are 1.11 MS/m, 1.75, respectively. Compared to the properties of this layer after exposure in air for 200 hours, the Young's modulus and density seems unaffected by heat treatment in 0.1% SO 2 . This evidence indicates that this coated material have enough corrosion resistance in 0.1% SO 2 at 650 °C after 500 hours of exposure.

Fig. 5 .

 5 Fig. 5.21. Conductivity and relative permeability by ECT measurement on the Hastelloy C22 thermal sprayed coating on substrate of a type 304steel heat-treated in 0.1% SO 2 at 650 °C; (a) 200 hours and (b) 500 hours.

Fig. 5 .

 5 Fig. 5.22. Maximal impedance modulus resonant frequency measured by swept eddy current curves on the Hastelloy C22 thermal sprayed coating on substrate of a type 304steel heat-treated in 0.1% SO 2 at 650°C as shown in Fig. 5.20.Tthe exposure time are (a) 200 hours and (b) 500 hours, respectively.

Fig. 5 .

 5 Fig. 5.22 shows the maximal impedance modulus resonant frequency measured by swept eddy current curves as shown is Fig. 5.20. The heat treatment times in 0.1% SO 2 at 650 °C are 200 hours and (b) 500 hours, respectively. In contrast to the considerable change in the case of exposure in air, no large variation in the curve of maximal modulus of impedance and resonant frequency occurred in the case of exposure in 0.1% SO 2 , indicating that heat treatment in 0.1% SO 2 did not really affect the electrical and magnetic properties of the material.

Fig. 5 .

 5 Fig. 5.23. Evaluated coating thickness by (a) reverse analysis of ECT and US measurements, (b) integrity of these

  microscopy and eddy current testing method in an effort to present: (1) an extensive literature survey on acoustic microscopy and eddy current testing method and theoretical background of elastic wave propagation in an anisotropic multilayered medium; (2) a hybrid method for the numerical study of acoustic wave propagation in an anisotropic multilayered medium; (3) an intensive evaluation of Hastelloy C22 thermal sprayed coating on type 304 austenitic steel substrate by acoustic microscopy method; (4) a fast and analytical model based on TREE method for swept eddy current inspection of multilayered specimens, coupled with the implementation of this method for the evaluation of electromagnetic properties of the thermal sprayed coated material; (5) the evaluation of the Hastelloy C22 thermal sprayed coated material after exposure in different heat treatment environment by the integrity of acoustic microscopy and eddy current method, along with the destructive evaluation by SEM microscopic observation.

4.

  The thickness and the elastic properties of the coating have been estimated by an inverse analysis based on V(z) modeling and the electromagnetic properties of the coating have also been obtained by an inverse process based on the beforehand established ECT model. Destructive methods such a SEM microscopic observation have been also been conducted for the complementary study and validation of the characterization of the thermal sprayed coated material.

  The reflection coefficient is an integral part of the V(z) measurement model for a line-focus acoustic microscope with fluid loading of the sample's surface. We used a model of multilayered coatings on substrate to calculate the acoustic reflection coefficient of our samples. The knowledge of the reflection coefficient is mandatory to investigate SAW propagation in thermal sprayed coatings.V(z) curves for various coating thicknesses have been measured and compared withcurves based on the established model. Treating 22-type Hastelloy coatings, deposited on a 304 steel substrate, as functionally graded materials (FGM), we evaluated the coating thickness and the Young's modulus gradation independently.

  d'impédance dans les mesures par la méthode ECT est important. D'autres travaux sont nécessaires pour construire de nouveaux modèles, qui permettront prendre en compte l'effet de la rugosité sur les mesures ECT. Des efforts devraient également être fournis pour améliorer la précision des propriétés obtenues par le modèle inverse, en particulier les propriétés de la couche intermédiaire. En effet, cela peut s'avérer d'une importance toute particulière dans de tels milieux multicouches que sont les matériaux revêtus par projection thermique, pour lesquels les procédés d'élaboration et les traitements thermiques peuvent induire la présence plusieurs couches intermédiaires.

  A1.3) is a second-order ordinary differential equation, and it can be cast into a first-order ordinary differential equation by introducing a new variable: = d dz x u .(A1.4) Combining Eqs. (A1.2) and (A1.4) gives rise to A1.5) can be used with Eq. (1.12) to obtain the solution for the stresses can be re-arranged into two sub-vectors. The first sub-vector consists of the three z-component stresses, while the remaining stresses constitute the second sub-vector, i.e.,The transfer matrix relates the spectral displacements and stresses on the top surface z=h with those on the bottom surface z=0. Setting z=h in Eqs. (A1.7) and (A1.10) leads to Eqs. (A1.11)-(A1.13) can be re-arranged. A suitable variable transformation can be introduced as follows:

  number in air.The displacements on the top and bottom surface are supposed to have the following expressions value of T and B are to be determined as shown below. The continuity of the contact at the panel-air interface requires:

=

  the exact analytical solutions of the transmission and reflection coefficients for a general anisotropic multilayered medium.Appendix 2: Stiffness matrix methodFrom Eq. (2.2), the displacement vector on the upper (z=z m-1 ) U m-1 and lower surfaces (z=z m ) U m of the layer m can be represented in the matrix form the above-described local coordinate selection, the elements in both H + and H -will decay for complex wave numbers as the thickness increased. If the z axis is a symmetry axis, H -=H + . For monoclinic symmetry, this relationship can be obtained by an arbitrary rotation of the orthotropic layer around the symmetry axis z. on the x-y plane parallel to the layer surface can be related to each of the plane wave displacement fields using Hooke's law,

ε[

  the m th layer are related to the wave amplitudes j a ± in the matrix form as .1) and (A2.3) relate the displacements and stresses on the layer surfaces to the wave displacement amplitudes A m . Substituting into Eq. (A2.3) the amplitude vector A m form Eq. (A2.1matrix for a lower half space with the coordinate origin at the surface, only three waves (A + ) propagate in the -z direction from the surface the infinity. The displacements and stresses can be obtained from Eqs. (A2.1) and (A2.3) respectively: stiffness matrix K h for the half space is given A2.1) and (A2.3) can be reorganized representing the displacements and stress on the top and bottom surfaces of the m th layer as . (A2.10) the amplitude vector A m from Eq. (A2.9), gives the transfer matrix B m according to:Appendix 3: Effective surface permittivityHere we use the layered semispace with surface transducers as an example. For simplicity, we use the total surface compliance matrix S S =K S -1 and decompose it into mechanical S S f (3×3), electric S S e (1×1) and coupling S S fe (3×1), S S ef (the electric field in the vacuum above the top semispace, where the electric potential satisfies the Laplace equation, the generalized surface Green's function can be written as[START_REF] Pastureaud | Stable scattering matrix method for surface acoustic waves in piezoelectric multilayers[END_REF], [WANG02b]: can be obtained using the G 44 element of the Greens function as effective permittivity eff ε has been used to characterize SAW propagation on piezoelectric materials, where eff ε is defined where it yields eff 0 0 ε ε + = for the electrical boundary condition at a free-space surface, namely [ADELER94]:

  First-order derivative of W(d 1 ,σ 1 ) with respect to d 1 :
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48) 1.3.2.3.3 Relation to transfer matrix
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		Reorganizing Eqs. (1.40) and (1.43), representing the displacements and stress on the top
	and bottom surfaces of the m th layer as	

Transient field modeling with Fourier-transform Superposition approach First-order Born approximation TREE SOVP

  

	derived from boundary conditions. With appropriate formulation of the governing equations
	and boundary conditions, the simulated signal of coil impedance shows good agreement with
	experimental results.
	Following Dodd and Deeds' analytical modeling, the 3D analytical modeling for
	asymmetric EC problems due to coils with boundary shapes, inclusions in conductive
	half-space, wobbles during pipeline inspection, etc., have been studied [LI08].
	However, Dodd and Deeds' modeling suffers from the redundant calculation of infinite
	integrals, since the problem domain has an infinite width. To overcome this difficulty,
	Theodoulidis proposed truncated Region Eigenfunction Expansion (TREE) method for EC
	[THEODOULIDIS05a]. With TREE, the domain of interest is truncated and recast into a
	region with finite dimensions; and as a consequence, the solution with integration of infinity
	is changed into finite eigenfunction expansions. This method is faster compared to the integral
	calculation in previous modeling, especially in the solving of inversion problems in EC. This
	makes TREE a powerful tool in solving ENDR problems with an analytical approach. Most
	importantly, this method has made it possible for establishing the analytical simulation of an
	ENDE problem, in which the conductive specimen has finite dimensions. Successful
	applications of TREE method have been conducted for the modeling and evaluation on
	multilayered rods [THEODOULIDIS05b], [SUN05], wedges [THEODOULIDIS05c], flawed
	plate [THEODOULIDIS05d], and recently on thermal barrier coating [LI12], etc.
	Previous research showed that this technique can successfully determine the thickness
	and conductivity of metallic coatings [LI12]. For more complicated material or multilayered
	coatings on substrate, the application of ECT is still a challenge for researchers.
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Chapter 2 Modeling of Elastic wave propagation in layered anisotropic media

  

	Abstract
	In this chapter, we investigate the elastic wave propagation in layered anisotropic media. For
	the calculation of the reflection and transmission coefficient of such anisotropic media, we
	use a hybrid method, which combines the stiffness matrix method and Stroh formalism. We
	then derive the formula for calculating the reflection coefficient of acoustic wave on a layered
	anisotropic medium, which is required for the modeling of the V(z) curve used in the next
	chapter. Numerical analyses are presented based on the hybrid method, which is more
	efficient than methods used in the references cited in this chapter. The results are compared
	with those in references, which target on multilayered systems with and without attenuation.
	Excellent agreement is observed, what indicates the efficiency of the hybrid method.
	Résumé
	Dans ce chapitre, nous étudions la propagation des ondes élastiques dans les milieux
	multicouches anisotropes. Pour calculer le coefficient de réflexion de tels matériaux, nous
	utilisons une méthode mixte qui combine la technique de la matrice de rigidité et le
	formalisme de Stroh, Nous calculons l'expression du coefficient de réflexion de l'onde
	acoustique sur un milieu multicouche anisotrope, qui est nécessaire pour la modélisation de la
	courbe V(z) dans le chapitre suivant. Les analyses numériques sont présentées sur la base de la
	méthode hybride, qui est plus efficace que les méthodes utilisées dans les références citées
	dans ce chapitre. Les résultats, qui ciblent les systèmes multicouches avec et sans atténuation,
	sont comparés avec ceux des références. Une excellente concordance est observée, qui
	souligne l'efficacité de la méthode hybride.

Table 2 .

 2 2. Viscoelastic properties of the composite[START_REF] Deschamps M | The effect of viscoelasticity on the reflection and transmission of ultrasonic waves by an orthotropic plate[END_REF].

	Elastic constants in GPa								
	0 11 C	C	0 22	0 33 C	0 12 C	0 13 C	C	0 23	C	0 44	0 55 C	0 66 C
	12.1	12.3 132 5.5	5.9	6.9	6.15 6.21	3.32
	Viscosities in GPa•μs at 2.242 MHz							
	11 η	η	22	η	33	12 η	13 η	η	23	η	44	η	55	η	66
	0.043 0.037 0.4 0.021 0.016 0.001 0.02 0.015 0.009

Three cases are analyzed by changing the incident plane.

  2.76) becomes numerically instable. To address this issue, Wang and Rokhlin proposed the

	Reverse Stiffness Matrix method [ROKHLIN02]. First, the transfer matrix B(n) of the nth
	layer is transformed into a stiffness matrix as:
		12 1 11 ( )	12 1 ( )
	21	22	12 1 11 ( )	22	12 1 ( )

  En particulier, dans le chapitre précédent nous avons montré comment l'utilisation du formalisme de Stroh combiné à la méthode de la matrice de rigidité récursive permet d'obtenir le coefficient de réflexion des ondes acoustiques sur ces systèmes. Cette approche

	permettant de résoudre les problèmes d'instabilité numérique de la méthode de matrice de
	transfert conventionnelle, ce choix permet d'obtenir une simplicité et une efficacité de calcul
	remarquables.
	Pour adapter ce model au système expérimental à notre disposition, nous avons proposé une
	formulation modifiée du spectre angulaire d'ondes planes pour un transducteur à focalisation
	rectiligne, sur la base de l'analyse théorique d'un tel transducteur mise au point pour la
	Applied Physics, DOI:http://dx.doi.org/10.1063/1.4811223, 113(22), 2013.

J., Acoustic microscopy of functionally graded thermal sprayed coatings using stiffness matrix method and Stroh formalism, Journal of

Résumé

La microscopie acoustique des milieux multicouches ainsi que des revêtements à gradient de propriétés nécessite de modéliser la propagation des ondes acoustiques dans ces matériaux. 57 microscopie acoustique à large bande. Un revêtement appliqué par pulvérisation thermique sur le substrat est traité comme un matériau à gradient de fonctionnalité le long de la profondeur de la couche et est approximativement représenté par un certain nombre de couches élastiques homogènes avec des propriétés élastiques évoluant de façon exponentielle.

L'accord entre nos analyses expérimentales et numériques sur de tels revêtements d'épaisseur différente, obtenus par projection thermique, confirme l'efficacité de la méthode. Nous avons prouvé la capacité de la procédure d'inversion à déterminer indépendamment l'épaisseur et le gradient de propriétés élastiques, ce qui offre la perspective de mesurer de manière non-destructive ces caractéristiques dans les matériaux à gradient de fonctionnalité.

Nota : ce chapitre s'inspire largement des résultats publiés par l'auteur dans l'article de référence: Deng X. D., Monnier T., Guy P., Courbon J., Acoustic microscopy of functionally graded thermal sprayed coatings using stiffness matrix method and Stroh formalism, Journal of Applied Physics, DOI:http://dx.doi.org/10.1063/1.4811223, 113(22), 2013.

  ) †

	Inconel 600	8.490 216.61 0.302 5878 14.68 3130 28.43 2899 30.93
	304 steel	7.900 193.20 0.290 5661 15.26 3079 28.94 2846 31.57
	22-type Hastelloy 8.690 199.00 0.314 5669 15.24 2952 30.31 2739 32.96
		

† 

Values calculated with sound velocity in water V f = 1490 m/s.

of eddy current method for the testing and evaluation of thermal spray coatings

  

	reflection coefficient is mandatory to investigate SAW propagation in thermal sprayed coatings with different thicknesses. V(z) curves for different coating thicknesses have been measured and compared with curves based on the established model. Treating 22-type Hastelloy coatings, deposited on a Chapter 4 Modeling Abstract
	304 steel substrate, as functionally graded materials (FGM), we evaluated the coating This chapter discusses the feasibility of thickness and magnetic-electric property evaluation of
	thickness and the Young's modulus gradation independently. Ni-based alloy coating sprayed on type 304 austenitic stainless steel by swept frequency eddy
	We validated the evolution of the elasticity with depth within the thick coating by means current testing. A truncated model of a multi-layer coating on substrate is developed and
	of an iterative, destructive, test. The observed agreement between the results from the FGM compared with traditional Dodd model. Numerical and experimental measurements are
	model and the multilayered model suggests that we can measure the desired gradient in a carried out on as-received samples, shot-peened, air heated and SO 2 treated samples. The
	completely non-destructive way, which was our initial goal. coating thickness, conductivity and permeability of the coatings as well as the substrate can
	be determined by a reverse process using Levenberg-Marquardt (LM) algorithm, which shows
	here a better efficiency than that of the Dodd model.

Résumé

Ce chapitre traite de la faisabilité d'évaluer l'épaisseur et les propriétés électromagnétiques de revêtement d'alliage à base de nickel pulvérisés sur un substrat d'acier inoxydable austénitique de type 304 par balayage en fréquence de courants de Foucault (ECT). Un modèle tronqué d'un revêtement multicouche sur le substrat est développé et comparé avec le modèle traditionnel de Dodd. Des simulations numériques et des mesures expérimentales sont effectués sur des échantillons bruts, grenaillés, traités thermiquement sous air chaud ou sous environnement de SO 2 . L'épaisseur du revêtement, la conductivité et la perméabilité des couches ainsi que celle du substrat peuvent être déterminées par un processus inverse, en utilisant l'algorithme de Levenberg-Marquardt (LM), méthode qui montre ici une plus grande efficacité que celle reposant sur le modèle de Dodd.

Table 4 .

 4 1. Properties of coil used for swept frequency ECT. Table 4.2. Properties of the coated material and the coil used in the calculation.

	Coil parameters 2r 1	2r 2	H		N Swept frequencies	
		(mm)	(mm)	(mm)		MHz	
		3.2	1.2	0.8 140	2.3~3.3	
	Material properties	σ	μ	d	N	Z 1	2r 1	2r 2	H
		(MS/m)	(mm)		mm	(mm)	(mm)	(mm)
	coating	0.12	1.0 0.1 140 0.3	3.2	1.2	0.8
	substrate	1.0	1.0 5.0 140 0.3	3.2	1.2	0.8

Table 4 .

 4 3. Optimized values of the coated material obtained by inverse process.

	Material	d_measured	d_coat	σ_coat	μ_coat d_SP	σ_SP	μ_SP	H	R 0	C
	properties	(μm)	(μm)	(MS/m)		(μm)	(S/m)		(mm)	(Ω)	(pF)
	SP1	110	135	0.56	1.54 15.02 0.50 4.99	12	19.56 120.29
	SP2	209	213	0.68	1.32 29.27 0.46 5.06	12	19.56 120.29
	SP3	193	199	0.67	1.62 16.00 0.40 5.05	12	19.56 120.29
	SP4	384	375	0.62	1.79 14.88 0.47 5.75	12	19.56 120.29
	N1	160	163	0.79	1.99	\	\	\	12	19.56 120.29
	N2	230	225	0.82	1.69	\	\	\	12	19.56 120.29
	N3	310	318	0.41	1.27	\	\	\	12	19.56 120.29
	N4	315	317	0.41	1.28	\	\	\	12	19.56 120.29
	Average									
		\	\	0.62	1.56	19	0.45	5.2		
	value									

Table 5 .

 5 1. Electro-magnetic properties of the thermal sprayed Hastelloy C22 coating on type 304 steel by ECT measurement.

				Coating		SP layer		Substrate
	Material									
			σ	μ	ρ	σ	μ	ρ	σ	μ	ρ
	Properties	time								
			MS/m		g/cm 3 MS/m		g/cm 3 MS/m		g/cm 3
	Initial	0h	2.0	2.5	6.3	1.68 4.01	7.5	1.08	1.0	8.0
		200h 1.80 2.80	8.0	1.69 4.86	7.0	1.01 2.75	8.0
	Air									
		500h 1.85 2.75	6.0	1.06	2.0	5.5	1.20 1.90	7.9
		200h 2.01	2.8	5.5	1.05 3.05	8.0	1.0	2.11	8.1
	0.01%									
		500h 1.50 2.75	5.0	1.75 4.01	7.0	1.0	2.10	8.0
	SO 2									
		200h	2.0	2.75	6.5	1.11 1.75 7.22	1.10 1.90	7.9
	0.1%									
		500h	2.2	2.80	5.8	1.10 2.01 7.00	1.10 2.10	7.9

  ) Un modèle analytique pour les essais en courants de Foucault balayés en fréquence, basé sur la méthode TREE, a été créé pour prédire l'impédance de la bobine lorsqu'elle est placée sur un conducteur multicouche. L'épaisseur et les propriétés électromagnétiques du revêtement, la couche intérieure (grenaillée), ainsi que le substrat ont été caractérisés par un processus inverse sur la base de la modélisation analytique, avec une plus grande efficacité que celle du modèle de

	Dodd.
	de Foucault ainsi que sur les fondements théorique pour l'étude de la propagation des ondes 4) L'épaisseur et les propriétés élastiques du revêtement ont été estimées par méthode inverse
	élastiques dans un milieu multicouche anisotrope, (2) une méthode hybride pour l'étude sur la base de V (z) et les propriétés électromagnétiques du revêtement ont également été
	numérique de la propagation d'ondes acoustiques dans les milieux multicouches et anisotropes, obtenues par un processus inverse sur la base du modèle ECT établi au préalable. Une étude
	(3) une évaluation précise d'un revêtement d'alliage de Hastelloy C22 pulvérisé sur un complémentaire par des procédés destructifs comme l'observation au microscopique
	substrat en acier austénitique de type 304 par la méthode de microscopie acoustique ; (4) un électronique à balayage a également été réalisée en vue de valider la caractérisation du
	modèle analytique et rapide basé sur la méthode TREE pour l'inspection des échantillons revêtement pulvérisé thermiquement.
	multicouches par courants de Foucault balayés en fréquence, couplé avec la mise en oeuvre de
	cette méthode pour l'évaluation des propriétés électromagnétiques du matériau revêtu par
	pulvérisation thermique; (5) l'évaluation de l'intégrité des matériaux revêtus d'Hastelloy C22
	après exposition à différents traitements thermiques par la microscopie acoustique et par le
	procédé par courant de Foucault décrit ci-avant, évaluation validée par des observations au
	microscope électronique à balayage.
	Sur les résultats de recherche présentés dans ce document, les principales conclusions à
	tirer peuvent être résumées comme suit :
	1) Les coefficients de réflexion et de transmission de la propagation d'ondes acoustiques dans
	un milieu multicouche anisotrope ont étés calculés. En particulier dans un matériau revêtu par
	pulvérisation thermique, qui peut donc être considéré comme un milieu multicouche en raison
	du procédé d'élaboration, le coefficient de réflexion est nécessaire pour l'analyse numérique
	de la microscopie acoustique.

2) La modélisation analytique des courbes V(z) de la microscopie acoustique pour l'évaluation non destructive d'un milieu multicouche anisotrope a été établie. Une formulation modifiée du spectre angulaire d'ondes planes du transducteur sur la base de l'analyse théorique d'un transducteur large bande à focalisation rectiligne a été proposée.

3

  Nous nous sommes intéressés à la propagation des ondes élastiques, ultrasonores, dans un milieu multicouche avec ou sans un substrat. Les coefficient de réflexion et le de transmission de l'onde acoustique sont calculés en utilisant une méthode hybride, qui combine le formalisme de Stroh et la méthode récursive des matrices de rigidité. Les résultats numériques et analytiques sont étudiés et validés par comparaison entre nos simulations numériques de la propagation d'ondes acoustiques avec des résultats expérimentaux et numériques de la littérature. Par exemple, dans un composite anisotrope épais, l'excellent accord obtenu montre que la méthode hybride est efficace pour le calcul des coefficients de réflexion et de transmission. En outre, nous présentons une étude numérique de la propagation des ondes acoustiques dans un revêtement pulvérisé thermiquement sur substrat.

  Un modèle de microscopie acoustique par transducteur focalisé rectilignement a été élaboré par l'approche du spectre angulaire d'ondes planes. En utilisant ce modèle, nous avons étudié les courbes V(z) d'un revêtement pulvérisé thermiquement sur le substrat pour évaluer ses propriétés élastiques . Le coefficient de réflexion est une partie intégrante du modèle de la fonction V(z) entrant dans la microscopie acoustique d'un échantillon chargé par un fluide.Nous avons utilisé un modèle de revêtements multicouches sur des substrats pour calculer le coefficient de réflexion acoustique de nos échantillons. La connaissance du coefficient de réflexion est obligatoire pour étudier la propagation des ondes de surface dans les revêtements obtenus par projection thermique.

Les courbes V(z) pour différentes épaisseurs de revêtement ont été mesurées et comparées avec des courbes théoriques calculées sur la base du modèle établi. En traitant les revêtements de type Hastelloy 22 déposés sur un substrat en acier 304 comme des matériaux à gradient de fonctionnalité (FGM), nous avons évalué l'épaisseur et le gradient de module d'Young du revêtement indépendamment.

  Substitution of Eq. (A1.20) into Eqs. (A1.17) and (A1.18) yields

	  	' '' ˆ( ) ˆ( ) ˆˆ(0) ( ) 11 21 ' 11 21 ˆ(0) ˆ( ) h h h h    u ˆt t t t t t 11 21 12 22     ( ) u 11 12 13 14 15 16  +        =       +                 ( ) 51 52 53 54 55 56 t t t t t t zy ˆt top  σ u I I JI JI L I I KI KI L σ σ ( ) 41 42 43 44 45 46 zx ˆt t t t t t top ξ ( ) ˆt t t t t t top v 12 22 23 24 25 26 ( ) 13 23 33 34 35 36 ˆt t t t t t top w	  	.	(A1.21)
	Then ( ) top ˆtop zz				61 62 63 6 t t t						
			ˆ( ) h																
			' ˆ( ) h					11				21	1	11				21	ˆ(0)
			' ˆˆ(0) ( ) 12 22 11 21 h
			'' ˆ( ) h																
												ˆ(0)						
												' ˆ(0)						
	G	I I I I				u σ						G	I I I I				σ	(A1.16)
		H		I I I I				u σ					H	I I I I				σ	
	Eqs. (A1.14)-(A1.16) can be written as
	11 I	  	' ˆ( ) ) h h u σ	  	21 +     I	11 ˆ( '' ( ) = ˆ( ) h h x     JI σ	  	u σ	' (0) (0)	  	+ JI	21	   	x σ	'' (0) (0)	   	,	(A1.17)
	12 I	  	' ˆ( ) ) h h u σ	  	22 +     I	11 ˆ( '' ( ) = ˆ( ) h h x     KI σ	  	u σ	' (0) (0)	  	+ KI	21	   	x σ	'' (0) (0)	   	,	(A1.18)
	12 GI	  	' ˆ(0) u σ	  	+	GI	22	   	11 HI ˆ(0) '' (0) ˆ(0) x  =    σ	  	u σ	' (0) (0)	  	+	HI	21	   	x σ	'' (0) (0)	   	.	(A1.19)
	Then																		
	   	( ˆˆ(0) ) ( ) 1 22 21 11 12 ' '' (0) = ˆ(0) ˆ(0) x -  --     u GI HI HI GI σ σ	  	' (0) (0) =       u L σ	(A1.20)

  are all equal and diagonal. The expression for the impedance of the coil is reduced into a simple form[START_REF] Theodoulidis Tp | Model of ferrite-cored probes for eddy current nondestructive evaluation[END_REF]:Compare to the expression of infinite integrals for a nonmagnetic core given by Dodd, Eq. (A5.4) is more efficient in terms of numerical evaluation. The former expression can be rewritten using the symbols above as:

	2 h h r r 2 2 1 2 1 ) ( j N ωπµ = ( Z --	)	2	1 Int r ( T q q q 2 , ) r T	4 -	{	2(	2 h h 1 -	)	2 q q -	(A5.2)
		+	q	e	p	(1 2 ) h h -	-	(	e	-	p	1 h	-	e	-	p	h	2	1 46 46 -C B )	(	e	-	p	1 h	-	e	-	p	h	2	} )	3 -P D	1 -	×	1 ( , ) 2 Int r r p p
	For a two-layer system as shown in, the expression of impedance of the coil is:
	( = ) ( s i i N i i h l h l i i i i Int j N Z h h r r s s s e )( ) i i i i i i r r e e s s s e α α α α ω πµ α α α α = -i -+ -+ -+ -+ ---∑ -	( α α --+ s l l i i i s l l i h h -+ -+ + -	)( )( i s s h h i i i i e s s α -+ +	i i s s +	) )	(A5.3)
	where																																
	1 i = S			α	2 i	+	j ωµσ	1	,				2 = i S				α	2 i	+	j ωµσ	2	(A5.4)
	Z	(	2 h h r r 2 2 1 2 1 ) ( j N	)	2			0		{ 1 ( , ) 2 ( 2 2 1 6 I r r	2 h h 1	) [2	e	(	2 h h 1	)	2]
		(	e			(	1 l h 1	)	e			(	2 1 h l	) 2 )	( (			1 1 s s s e 1 2 1 2 )( ) )( ) s s s e	1 2 1 1 2 1 2 ( 2 ( s l l s l l	) )	( (	1 1 s s s 2 1 2 1 )( )( s s s	) )	d

165 matrices D, E, T, U

  ) Sinh and Cosh denote the hyperbolic sine and cosine, respectively.(C) First-order derivative of W(d,σ) with respect to σ 1 :

	i i α β β β β i i i PCosh β -1 2 1 1 2 2 1 2 ( ) [ ( -∂ = W d ∂ where 1 2 [2 ) ( i i i i i i i i i 1 1 Cosh d d β -2 2 ( ) ( i i i i P Cosh d P Cosh d α β β β β α β d d P Sinh --2 1 2 2 1 2 ) ) i i i Sinh d i i α β -1 1 Sinh d d β -1 1 ( )] ( )] i i Sinh d β β α β β α β β β  = + +   = -+ +   ] { [ ] [ i { 1 2 2 1 2 3 0 2 1 0 4 2 1 2 5 2 ( ) 2 2 2 ( ) i i n i n n i Q Q Cosh d d Q Sinh d d -[ 2 2 1 2 ( 2 ( i i j W j Q Cosh d d Q Sinh d d 1 d d ] } 2 2 2 ) ) α β β ωµ µ σ α ωµ µ σ β β + -+ -∂ = ∂ + -+ -i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i Q d Sinh d Q d Cosh d Sinh d Q d α β β β β β β β α β β β α β β β α β β β α β β β β β β α β β β α β = -+ + -= + + ---+ + = -+ + -+ ( ) ( ) i i i i i i i i i i i i i i i i i i i i i i i Cosh d Sinh d Q Cosh d Sinh d Q Cosh d Sinh d α β β α β β β α β β β β α β β β α β β α β β β       +   + +   = + +  = + + +   Therefore, , ( , ) , ( , ) i i i i a z a z i i i i i a z a z i i i i i a r a r e e W d d hJ a h a a r a r e e W d hJ a h a and [ ( )( , ( , ) ( 1) 2 i i i a z a z i i z z m i i i i i a r a r e e F p f V Aconj a e p hJ a h a U a α	(A7.4) (A7.5) ] } (A7.7)
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sont respectivement de 250 GPa, 7,5 g/cm 3 , 1,68 MS/m et 4,01. La conductivité de 1,69 mS/m et la perméabilité relative de 4,86 de la couche martensitique sont supérieures à celles de l'acier austénitique initial, qui sont respectivement de 1,08 MS/m et 1,0.(2) Le module d'Young et de la densité de la couche martensitique induite par le grenaillage d'un acier austénitique après traitement thermique dans l'air à 650 ° C pendant 200 heures sont respectivement de 225 GPa et 7,0 g/ cm 3 .(3) Le traitement thermique dans de l'air pendant 200 heures augmente le module d'élasticité et la densité du revêtement. Cependant, lorsque la durée du traitement thermique augmente jusqu'à 500 heures, le module d'Young et la densité chutent de manière spectaculaire, montrant une sérieuse dégradation dans les propriétés du revêtement pendant ce traitement thermique de 500 heures à 650°C.(4) Le module d'Young, la densité, la conductivité et la perméabilité relative de la couche martensitique induite par le grenaillage d'un acier austénitique ayant subi un traitement thermique de 200 heures à 650°C dans une atmosphère de SO 2 à 0,01% sont respectivement de 200 GPa, 8,0 g/cm 3 , 1,05 MS/m et 3,05. Par rapport aux valeurs mesurées sur l'échantillon à l'état initial, le module d'Young de cette couche diminue d'environ 50 GPa, et la densité croit de 0,5 g/cm 3 .(5) le module d'élasticité et la densité du revêtement diminuent de manière spectaculaire après l'exposition au SO 2 à 650°C en raison d'une importante corrosion.

(A7.6)
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Résumé

Dans ce chapitre, le travail de recherche présenté dans la thèse est résumé. Les conclusions sont tirées et notre contribution à l'évaluation non-destructive par microscopie acoustique et par la méthode ECT de matériaux revêtus par pulvérisation thermique est mise en évidence. A la lumière de nos résultats de recherche, des perspectives pour de futurs travaux sont dressées.

Appendix 1: Analytical derivation of the reflection and transmission coefficients for general anisotropic multilayered medium using the Transfer Matrix (TM) method.

Please note we are here inspired by the work of Huang and Nutt [START_REF] Huang | Sound transmission prediction by 3-D elasticity theory[END_REF] where the thickness is noted h instead of d.

A1.1 Time harmonic solutions

Considering time harmonic solutions: ( , , , ) 

Here T=F 1 is a special transfer matrix that links together the displacements and z-component stresses on the top and bottom surface. Eq. (A1.23) is also applicable for multi-layer panels.

In that case, T is a grand transfer matrix that is the chain multiplication of all the layer-wise transfer matrices. For instance, for a N-layer sandwich panel, the grand transfer matrix is

Here T (n) , T (n-1) , … and T (1) are the transfer matrices for the top face layer, middle layers, and bottom face layer, respectively. Eq. (A1.24) relies on the fact that the displacements and the z-component stresses must be continuous at the layer interfaces. In the state space method [START_REF] Ye | Laminated composite plates and shells[END_REF], the displacements and the z-component stresses are the state variable for each layer.

Eq. (A1.23) can also be written out explicitly as 

The relationship between transfer matrix B m and stiffness matrix K m is given by m

Appendix 4: DODD model

The differential equation for the vector potential, A, in an isotropic, linear, and inhomogeneous medium due to an applied current density i 0 is [DODD68]:

(A) Coil above a two-conductor plane

The coil impedance with rectangular cross-section over a two-conductor plane is

Where

(B) Coil above a multilayered conductor:

In the case of a rectangular cross-section coil above an arbitrary number of conductors, the vector potential is [START_REF] Cheng Cc | General Analysis of Probe Coils Near Stratified Conductors[END_REF]:

=V /V γ (A4.5) in which V 12 and V 22 are the components of the transfer matrix V of the layered medium below the coil, which can be expressed as [START_REF] Cheng Cc | General Analysis of Probe Coils Near Stratified Conductors[END_REF]: 

And the induced voltage is:

The mutual inductance between the driving and the detector coils can be found by M=V/jωI. The self-inductance is a special case of the mutual inductance, in which the detector coil is also the driving coil. Thus, the self-inductance, L, can be obtained by dividing V(c) by jωI and then setting (r 2 ', r 1 ', l 2 ', l 1 ') equal to (r 2 ,r 1 ,l 2 ,l 1 ). Once the self-inductance is obtained, the coil impedance can be found:

For the air impedance, α 1 =α 2 =α and

Thus, the analytical expressions of the coil impedance change when a cylindrical coil is place over the sample are written as:

Appendix 5: TREE model

(A) Coil above a two-conductor plane

In the case of a probe consists of a circular coil of rectangular cross-section wound around a cylindrical ferrite core, Theodoulidis proposed that the component of the magnetic vector potential A can be expressed in the form of series of appropriate eigenfunctions [START_REF] Theodoulidis Tp | Eddy current canonical problems (with applications to nondestructive evaluation[END_REF]. In this form, the practical evaluation of these series requires only a finite number of summation terms and, hence, only a finite number of eigenvalues has to be computed. The general expression of the coil impedance when a probe is place over a two-layer

If this multilayer conductor has N layers, then V 1 /U 1 can be calculated by the following recursive iteration as [START_REF] Theodoulidis Tp | Eddy current canonical problems (with applications to nondestructive evaluation[END_REF], [LI08]:

Appendix 6: Jacobian matrix for three-layer model

where 

First-order derivative of W(d1, σ1, μ1, d2, σ2, μ2, d3, σ3, μ3) with respect to μ 1 :

)

where ( )( ) (  ) 

Appendix 7: Jacobian matrix for two-layer model

For a two-layer system, the coil impedance can be calculated by: