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Introduction générale

La recherche de cette travail de thèse se concentre sur les contraintes résiduelles après soudage laser de l'acier dual phase DP600. Les travaux majeurs sont réalisés grâce à deux approches :

L'approche de simulation numérique :

1. Des modèles incrementaux séquentiels thermo-mécanique type éléments nis (FEM) sont utilisés pour simuler le procédé du soudage laser sur l'acier DP600 dual phase.

2. Le modèle constitutif du matériau est considéré comme un facteur important dans la simulation FEM. Les eets de chaque terme d'écrouissage, de la sensibilité à la température et à la vitesse de déformation, de l'anisotropie plastique et orthotropique élastique sur des contraintes résiduelles sont analysés.

3. Pour rechercher l'anisotropie orthotropique élastique, une modèle d'automate cellulaire 2D est programmé sous JAVA par l'auteur pour simuler le processus de solidication lors du soudage laser. Les résultats numériques de la microstructure et des orientations des grains sont utilisés pour integrer les propriétés élastiques de la soudure DP600 dans la simulation FEM ainsi que la fraction volumique de l'orientation des grains.

L'approche expérimentale :

1. Des expériences de soudage au laser sont eectuées en utilisant diérentes puissances laser et directions de soudage par rapport au sens de laminage de la plaque d'acier de base DP600. Les meilleurs paramètres de soudage laser sont obtenus grâce aux observations expérimentales qualité microscopique, macroscopique et mécanique.

2. Des tests de tractions uniaxiales sont utilisés pour obtenir les courbes contraintedéformation vraie de l'acier DP600 à dual phase. À l'aide de modèles classiques et d'un modèle proposé par l'auteur à partir des études précédentes issues de la littérature, le comportement de l'acier DP600 thermo-mécanique a été identié pour diérents conditions de sollicitation an d'être implémenté dans les modèles éléments nis de simulation du soudage laser.

3. La diraction des neutrons est réalisée pour mesurer la déformation des plaques d'acier soudées DP600. Les contraintes résiduelles correspondantes sont calculées et comparées aux résultats de simulations numériques.

Introduction générale

Suivant cette méthodologie de travail, cette thèse est structurée en plusieurs parties : D'abord une partie d'introduction générale synthétisant, les connaissances actuelles concernant les contraintes résiduelles lors d'un processus de soudage laser. Les théories pertinentes utilisées pour étudier le procédé de soudage par laser sont présentés en détail et décrites avec des éléments liés à l'analyse des contraintes résiduelles.

Dans le deuxième chapitre, en tant que facteurs clés dans la simulation des contraintes résiduelles du processus de soudage laser, le comportement élasto-thermo-plastique de l'acier dual phase DP600 est analysé en détail et identié par des techniques de régression non-linéaire en partant des donnés expérimentales obtenu lors des essais de traction uniaxiales.

Dans le troisième chapitre, une modèle numérique d'Automate Cellulaire 2D (CA) programmé sous JAVA an de pouvoir simuler la microstructure après soudage laser est étudié ainsi que l'inuence de la microstructure sur l'anisotropie élastique orthotropique est présenté en détail.

Dans le quatrième chapitre, sur la base des modèles constitutifs du matériau identiés au chapitre 2 et de l'élasticité orthotropique analysée au chapitre 3, les résultats des modèles FEM visant à analyser les inuences de l'écrouissage, de la sensibilité à la température, de la sensibilité à la vitesse de déformation, de l'anisotropie plastique et de l'anisotropie orthotropique élastique sont eectuées.

Dans le cinquième chapitre, les résultats numériques correspondant aux modèles FEM du chapitre précédent sont analysés ensemble avec une synthèse de discussion concernant l'impact de modèles utilisés sur la simulation des contraintes résiduelles lors du soudage laser de DP600.

Les principaux résultats de cette thèse sont présentés ci-dessous :

1. L'analyse de l'inuence de l'écrouissage prouve qu'un petit changement dans le modèle constitutif du matériau peut entraîner une grande diérence sur les contraintes résiduelles. Les diérents modèles constitutifs du matériau reproductible du comportement réel observé lors des essais de traction, présentent les mêmes inuences sur la simulation des contraintes résiduelles.

2. La température a une inuence importante sur les contraintes résiduelles équivalentes. Le modèle proposé et celui polynomial décrivent bien le comportement à la sensibilité à la température du DP600 et se révèlent avoir des résultats de simulations similaires.

3. La vitesse de la déformation présente une valeur maximale des contraintes résiduelles et de la déformation tandis que les modèles ne prenant pas en compte l'inuence de la vitesse de la déformation présente des contraintes résiduelles de plus faibles valeurs aux bord de la zone de soudage et une courbe plutôt stable tout au long de la zone de soudage.

4. L'étude de l'angle entre la direction de laminage et la direction de soudure a mis également en évidence l'importance de l'orientation de la tôle. Lorsque l'angle est de 45 Schawlow [5]. Shortly after that the diode laser was created in 1962 by two US groups of Robert N. Hall at the General Electric research center [START_REF] Robert | Coherent light emission from GaAs junctions[END_REF] and of Marshall Nathan at the IBM T.J. in Watson Research Center [START_REF] Marshall I Nathan | Stimulated emission of radiation from GaAs p-n junctions[END_REF]. The Nd :YAG laser was rst invented by J. E. Geusic et al. at Bell laboratories [START_REF] Je Geusic | Laser oscillations in nd-doped yttrium aluminum, yttrium gallium and gadolinium garnets[END_REF] and the CO 2 laser by C.K.N. Patel at Bell laboratories. The disk laser concept was proposed in the early 1990s with a rst industrial product applied in 2003 [START_REF] Katayama | Handbook of laser welding technologies[END_REF]. Among these various types of lasers, the Nd :YAG laser is widely used in welding manufacturing process because of its good compatibility with optical bers and high heat absorption coecient with metal. 

Sketch of laser welding system

As is seen in gure 1.2, a sketch is presented in a laser welding system. After generated in the oscillator, the laser is transported through ber or lens to the desired place. Before use for welding process, the laser beam is focused by lens to get a focus point where the power density can be very high to melt, vaporise and even ionize any existing material. For a given welding condition, as the power of laser beam increases, the geometry of weld changes from shallow to deep and the welding mode from conduction welding to deep penetration welding. For deep penetration welding, the dimension of a weld will reach a threshold when the power of laser beam increase continuously, because energy input are absorbed by the plasma of on the keyhole.

The welding speed

The welding speeding inuences the specic energy input of base plate. For a given laser power, high welding speed can decrease the input energy density applied on the base plate. In this way, the deep penetration welding can be changed into conduction welding. With a xed rate of power input, a high speed will lead the weld to be shallow.

Moreover, for a penetration welding, too high speed can result in unstable keyhole and a non-uniform penetration weld. If the welding speed is too low, large amount energy are lost by heat conduction to base metal. It is necessary to balance laser power and welding speed given process condition.

The focusing position

As is seen in gure 1.3, the focusing position can be expressed by the defocusing amount D". When D=0, the focal point is at the plate surface. The interaction area of laser beam applied on the material surface is the smallest. When D>0 or D<0, the focal point is above or under the plate surface. The interaction area increases as the |D| increase. Argon, helium or nitrogen inert gas are usually used as the cover gas. The cover gas is used to protected the weld from rapid oxidation. During welding, the cover gas is blasted on the surface of fusion zone with low pressure ow volume to shield the weld zone from room oxygen. Welds with cover gas are usually shiny and the mechanical properties are not aected. The owing cover gas can take away some amount of heat during welding, thus reduce the temperature gradient and the thermal load of welding process.

1.2 Dual phase steel DP600

General information of DP600

To relieve energy crisis and environment problems, high strength material is applied in automotive industries in order to reduce the car weight [START_REF] Davies | Materials for automobile bodies[END_REF]. As a type of AHSS (advanced high-strength steel), DP600 is widely used in automobile industries. DP means dual phase steel (martensite + ferrite) and 600 series means that the tensile strength is over 600 MPa. This steel is a low carbon steel with a soft ferrite matrix containing a hard second phase, mainly islands of martensite (3%-30%) [START_REF] Calcagnotto | Deformation and fracture mechanisms in ne-and ultrane-grained ferrite/martensite dual-phase steels and the eect of aging[END_REF]. The hard phase of martensite contributes to the high strength while soft ferrite helps to improve ductility [START_REF] Dl Chen | The dependence of nearthreshold fatigue crack growth on microstructure and environment in dual-phase steels[END_REF][START_REF] Kuang | Eect of continuous annealing parameters on the mechanical properties and microstructures of a cold rolled dual phase steel[END_REF], which make a good combination of formability and high strength. Compared with traditional high-strength low-alloy (HSLA) steels, DP steel has no yield point elongation and has a higher strain-hardening rate [START_REF] Jr Fekete | A comparison of the response of hsla and dual phase sheet in dynamic crush[END_REF]. The high strain-hardening rate enhance the absorption of energy when deformation is happened, which helps decrease of damage in car collision [START_REF] Bouaziz | Driving force and logic of development of advanced high strength steels for automotive applications[END_REF].

Applications of DP600

In gure 1.4, many automotive structural components are made in DP600, such as B-pillar, shotgun, seat, oor panel tunnel, front sub-frame package tray and engine cradle. These are all safety cage components that require sucient strength with low weight. [START_REF] Gcc Correard | Development of laser beam welding of advanced high-strength steels[END_REF] investigated the microstructure of DP600/DP600 weld and DP600/TRIP750 weld especially on heat aected zone (HAZ) by a ber laser with 1300 W power and 50mm/s welding speed. Martensite is found in weld zone. In HAZ region, martensite and ferrite are observed. The tensile strength of dierent type of DP600 weld joints is about 400 MPa, ranges from 380MPa to 400MPa.

Fatigue curves presented a limit at approximately 350 MPa for DP600 steels.

In 2012, Y. Song et al. [START_REF] Song | Characterization of the inhomogeneous constitutive properties of laser welding beams by the micro-vickers hardness test and the rule of mixture[END_REF] used Nd :YAG laser to weld DP600 and DX56D steel.

The Vickers hardness are tested and based on the mixture rule, the relationship between the micro-Vickers hardness value and material parameters (i.e., the strain hardening exponent, the strength coecient and Young's modulus) was quantitatively built. At the same year, M. Hazratinezhad et al. [START_REF] Hazratinezhad | Mechanical and metallurgical properties of pulsed neodymium-doped yttrium aluminum garnet laser welding of dual phase steels[END_REF] researched the inuence of Nd :YAG laser pattern on the after welding mechanical property of DP steel. The energy input pattern and eective peak power density is found to inuence material strength and high pulse duration lead to coarse grain in HAZ (Heat Aected Zone).

At year 2010 and 2011, N.Farabi et al. [START_REF] Farabi | Fatigue properties of laser welded dual-phase steel joints[END_REF][START_REF] Farabi | Microstructure and mechanical properties of laser welded DP600 steel joints[END_REF][START_REF] Farabi | Microstructure and mechanical properties of laser welded dissimilar DP600/DP980 dual-phase steel joints[END_REF] investigated diode laser welded on DP600/DP600 and DP600/DP980 steel joints. Microstructures, fatigue properties, microhardness proles, tensile properties and work hardening characteristics of laser weld joints are studied. Several results are found in their throughout research :

The welding resulted in a signicant increase of hardness in the fusion zone (nearly full martensite is found of DP600/DP980 FZ), but also the formation of a soft zone in the outer heat-aected zone (HAZ). The degree of softening was found to be stronger in the DP980 welded joints than in the the DP600 welded joints and lead to a signicant decrease in the fatigue limit of DP980 softening zone.

For DP600 joint, while the ductility decreased after welding, the yield strength increased and the ultimate tensile strength remained almost unchanged. 

At

Residual stresses

Residual stresses are self equilibrating internal stresses existing in a free body with no external forces or constraints on its boundary.

The rst, second and third order of residual stress

A distinction is made between rst, second and third order residual stresses (Figure

1.6) [2] :
1. First order (σ I , macro) : nearly homogeneous across large areas (several grains of the material). First order residual stresses, σ I , extend over macroscopic areas and are averaged stresses over several crystallites.

2. Second order (σ II , meso) : nearly homogeneous across smaller areas, of the or- der of some grains or phases of a material. Second order residual stresses, (σ II , act between crystallites or crystallite subregions (size approx. 1-0.01 mm) and are averaged within these areas (for instance residual stresses around piled-up dislocations or secondary phases).

3. Third order (σ III , micro) : inhomogeneous across submicroscopic areas of the material, several atomic distances within a grain. Third order residual stresses, σ III , act between atomic areas (size approx. 10 -2 -10 -6 mm ; for instance, the residual stresses around a single dislocation).

The macroscopic residual stresses are of particular relevance for engineering purposes. In this desertation, the objective is focused on the rst order of residual stresses. Thus, the residual stress evaluation is fundamental to ensure the performance of a product.

The production mechanism of residual stress in welding

To better understand the complex welding residual stress, simple cases are analyzed.

The production of thermal stress is shown in gure 1. The length at free state of 200 • C is given by :

l 1 = l 0 (1 + α ∆T ) (1.1)
Supposing only elastic behavior, the stress of constrained state at 200 • C is written as : During the imagined compressed process, the inner part must take into account an elastic and plastic deformation. Along an horizontal direction, the length change of inner part can be express as :

σ thermal ≈ -E l 1 -l 0 l 0 = -Eα∆T (1.2)
∆l = l d"c" -l d c = l e + l p (1.3)
where ∆l is the inner part length change when constrained by outer part at heated state, l e is the elastic deformation length and l p is the plastic deformation length of 
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For laser welding, the heating process is followed by a cooling step. In this simple case, the heated inner part is cooled. In this cooling process, both inner and outer part tend to return to its original state. The plastic deformation during heating process is preserved and may be also produced during cooling process. The stress at the interface between a'b'c'd' and A'B'C'D' should be the same and can be computed considering the elastic and plastic deformation.

Continuum mechanics description

The material constitutive model is an important part of numerical mechanical simulation. It describes the essential relationship between the strains and the stresses, which is a linear relationship for elastic analyses and a complex nonlinear relationship for plastic analyses, involving plastic strain, temperature, strain rate and state variables describing mechanism of deformation at microscopic level.

The elasticity of a material is described in terms of a stress-strain relation. Typically, two types of relation are considered. The rst type deals with materials that are elastic only for small strains. The second deals with materials that have large elastic strains. For small strains, the measure of the Cauchy stress is used while the measure of strain is an innitesimal strain tensor ; the resulting (predicted) material behavior is termed linear elasticity, which for metallic materials is called the generalized Hooke's law describing both isotropic and anisotropic elasticity.

In 1867 Tresca published his works [26,27] on material yielding behavior under various stress states. He used the maximum shear stress as the yield criteria. His systematic experimental investigations on yielding became a theoretical basis for plasticity investigation. After Tresca's work, the Von Mises yield criteria [START_REF] Von | Gottinger nachrichten[END_REF] was proposed in 1913. In principal stress space, the yield surface of Tresca criteria is circumscribed by Von Mises's yield criteria. The eective Von Mises stress can be viewed as a proportion to the elastic distortional energy which makes Von Mises criteria a more reasonable criteria.

Based on Von Mises, Rodney Hill developed several yield criteria [START_REF] Hill | A variational principle of maximum plastic work in classical plasticity[END_REF][START_REF] Hill | A theory of the yielding and plastic ow of anisotropic metals[END_REF][START_REF] Bourne | On the correlation of the directional properties of boiled shee in tension and cupping tests[END_REF][START_REF] Hill | Theoretical plasticity of textured aggregates[END_REF][START_REF] Hill | Constitutive modelling of orthotropic plasticity in sheet metals[END_REF] for anisotropic plastic deformations which are provided successful in predicting metals, polymers and certain composites. In this work, the Von Mises yield criteria and Hill yield law are used, so a brief description the plasticity including the Von Mises and Hill's criteria are introduced below.

From physical world to mathematical conception

To analysis the residual stresses after welding process, the solid dynamics of continuum mechanics are used through a Finite Element Method (FEM) used by the commercial software ABAQUS.

To describe the material mathematical formulations, several basic denitions are introduced according to the gure 1.13. For more detail informations, please refer to continuum mechanics theory.

Introduction Figure 1.13 The conguration of numerical model

For a material body B, the region it takes up in 3D space at time t is the body's conguration and is labeled κ t (B). A particular particle of body B in a particular conguration κ t (B) can be characterized by a position vector x = 3 i=1

x i e i . For a particular time such as t=0, the vector x can be written as the reference vector X. For the material body B, at time t the position vector x can be written as a function of the reference vector X with expression as x = κ t (X).

The transformation gradient F is the derivative of each component of deformed x vector with respect to each component of the reference X vector. The transformation gradient F contains the information of the deformation of material body.

F ij = x i,j = ∂ x i ∂X j =    ∂ x 1 ∂X 1 ∂ x 1 ∂X 2 ∂ x 1 ∂X 3 ∂ x 2 ∂X 1 ∂ x 2 ∂X 2 ∂ x 2 ∂X 3 ∂ x 3 ∂X 1 ∂ x 3 ∂X 2 ∂ x 3 ∂X 3    (1.7)
Derived from the transformation gradient F, innitesimal or small strain can be computed by :

dε = 1 2 (dF + dF T ) -I (1.8) or ε = 1 2 (F + F T ) -I (1.9)
where dF dene the increment transformation gradient in the case of use of an updated Lagrangian method.

The Lagrangian strain tensor (innitestimal deformation) is given as follows :

E = 1 2 (F • F T ) -I (1.10)
For small material deformations, ε = dε ≈ E. These equations are generally used for metallic materials to dene a more consistent denition of large plastic deformations using the evaluation of incremental strain state tensor by dε = dε el + dε pl and F = F el F pl .

To fully describe the stress state of a material, the strain tensor is illustrated in Due to the inherent symmetries of ε ij = ε ji , the strain tensor can be written as follows :

ε =   ε 11 ε 12 ε 13 ε 12 ε 22 ε 23 ε 13 ε 23 ε 33   =   ε 11 ε 12 ε 13 ε 22 ε 23 symm. ε 33   (1.11)
Due to the inherent symmetries of σ ij = σ ji , the stress tensor is given by : 

σ =  
Notice that e, the subscript of σ e and ε p e , means eective. Using Von Mises eective stress and strain denition, complex material stress and strain states with 6 values can be simplied into only one value, respectively. With this simplication, the uniaxial tensile test can be the reference for yield state for many complex material stress-strain states.

For steel material, an idealized uniaxial stress-strain curve showing elastic and plastic deformation regimes for the deformation theory of plasticity :

By denition, the elasticity is a solid material undergoing reversible changes of shape in response to applied forces while the plasticity is a solid material undergoing nonreversible changes of shape in response to applied forces. In gure 1.15, the material stress-strain state corresponding to the blue region means that the material is under elastic state. Under the elastic state, the material can return to its original shape when the applied forces are removed. The material stress-strain state corresponding to the red region means that the material is under plastic state. Under the plastic state, the material can not return to its original shape when the applied forces are removed.

For steel material, the crystallographic slip and dislocations accumulate. This process is not reversible and when the process reach a certain extent, the fracture happens.

The welding process is not involved with fracture in this study, so only elasticity and plasticity of DP600 material is focused on.

Yield criteria

Through a material uniaxial tensile test, the eective stress-strain curve are obtained such as that in gure 1.15.The curve in the gure can be expressed by : Continuum mechanics description Based on yield criteria f , the material can be determined to be yield or not in the simulation.

If yield criteria f is less than 0, then the material is under elastic state, the material is deformed elastically.

If yield criteria f is equal to 0, then the material is under plastic state, the material is deformed plastically.

The yield criteria f should not be bigger than 0, the plastic ow will increase the eective plastic strain ε p e and then increase the yield eective stress σ yield e . Introduction

Elasticity

Based on some criteria, the material under elastic or plastic state is determined.

When the material is under elastic state, the relationship between stress and strain matrix is given as :

σ = C • ε (1.18)
Where C is the stiness tensor and can be expressed by a 3 × 3 × 3 × 3 matrix of 81 real numbers C ijkl . Due to the inherent symmetries, the stresses and strains can be expressed as follows :

        σ 11 σ 22 σ 33 σ 12 σ 13 σ 23         =         D 1111 D 1122 D 1133 D 1112 D 1113 D 1123 D 2222 D 2233 D 2212 D 2213 D 2223 D 3333 D 3312 D 3313 D 3323 D 1212 D 1213 D 1223 sym D 1313 D 1323 D 2323                 ε 11 ε 22 ε 33 2ε 12 2ε 13 2ε 23         (1.19) 1.4 

.4.1 Isotropic linear elasticity

The simplest form of the elasticity is the isotropic linear elasticity. the stress-strain relationship is given by :

        σ 11 σ 22 σ 33 σ 12 σ 13 σ 23         =         λ + 2µ λ λ 0 0 0 λ + 2µ λ 0 0 0 λ + 2µ 0 0 0 µ 0 0 sym µ 0 µ                 ε 11 ε 22 ε 33 2ε 12 2ε 13 2ε 23         (1.20)
where Lamé constants λ and µ are expressed by Young's modulus E and Poisson's ratio ν :

λ = Eν (1 + ν)(1 -2v) (1.21) µ = G = E 2(1 + ν) (1.22)
In equation 1.22, G is the shear modulus, E the Young's modulus and ν Poisson coecient. The value of Young's modulus E and Poisson's ratio ν are values in variation with temperature in the welding process.

The invert form of equation 1.20 is given by :

        ε 11 ε 22 ε 33 2ε 12 2ε 13 2ε 23         = 1 E         1 -ν -ν -ν 1 -ν -ν -ν 1 2(1 + ν) 2(1 + ν) 2(1 + ν)                 σ 11 σ 22 σ 33 σ 12 σ 13 σ 23         (1.23)
The isotropic linear elasticity is used in numerical welding simulation except for the case of elastic orthotropic anisotropy analysis considering phase transformation, material phase mixture and especially grains orientations in the weld. The orthotropic elastic anisotropy analysis is introduced in the next section.

Orthotropic linear elasticity

A more complex elasticity is the orthotropic linear elasticity which is dened by 

three moduli E 1 , E 2 , E
        =         D 1111 D 1122 D 1133 0 0 0 D 2222 D 2233 0 0 0 D 3333 0 0 0 D 1212 0 0 sym D 1313 0 D 2323                 ε 11 ε 22 ε 33 2ε 12 2ε 13 2ε 23         (1.24)
where the constants dene the D matrix is given by :

D 1111 = E 1 (1 -ν 23 ν 32 )γ (1.25) D 2222 = E 2 (1 -ν 13 ν 31 )γ (1.26) D 3333 = E 3 (1 -ν 12 ν 21 )γ (1.27) D 1122 = E 1 (ν 21 + ν 31 ν 23 )γ = E 2 (ν 12 + ν 32 ν 13 )γ (1.28) D 1133 = E 1 (ν 31 + ν 21 ν 32 )γ = E 2 (ν 13 + ν 12 ν 23 )γ (1.29) D 2233 = E 2 (ν 32 + ν 12 ν 31 )γ = E 3 (ν 23 + ν 21 ν 13 )γ (1.30) D 1212 = G 12 (1.31) D 1313 = G 13 (1.32) D 2323 = G 23 (1.33)
where γ is expressed as :

γ = 1 1 -ν 12 ν 21 -ν 23 ν 32 -ν 31 ν 13 -2ν 21 ν 32 ν 13 (1.34)
The invert form of equation 1.24 is given by :

Introduction         ε 11 ε 22 ε 33 2ε 12 2ε 13 2ε 23         =         1/E 1 -ν 21 /E 2 -ν 31 /E 3 -ν 12 /E 1 1/E 2 -ν 32 /E 3 -ν 13 /E 1 -ν 23 /E 2 1/E 3 1/G 12 1/G 13 1/G 23                 σ 11 σ 22 σ 33 σ 12 σ 13 σ 23         (1.35)
The orthotropic linear elasticity is dened not only with three moduli E 1 , E 2 , E 3 , three Poisson's ratios ν 12 , ν 13 , ν 23 and three shear moduli G 12 , G 13 , G 23 , but also by denition of the material's principal direction. When the principal direction changes and have angles with 11, 22 and 33 directions, the elastic stiness is changed following formula based on change matrix [START_REF] Lin | Cailiao Tanxing Changshu Zhi Xintan (The new development of elastic constants)[END_REF] :

The direction cosine In gure 1.16, -→ on ⊥ abc. The angles between the vector -→ on and coordinate axises x, y and z are α, β and γ, respectively. It is dened that direction cosines (l 1 , m 1 , n 1 ) of -→ on with respect to axises x, y and z are : 

l 1 = cosα, m 1 = cosβ, n 1 = cosγ (1.36)
σ [S] ij =         σ 1 σ 2 σ 3 τ 23 τ 31 τ 12         , σ [K] ij =         σ x σ y σ z τ yz τ zx τ xy         (1.37)
The relation between σ

[S] ij and σ

[K] ij can be written as :

σ [S] ij = [A ij ] σ [K] ij (1.38)
where [A ij ] -1 is written by :

[A ij ] -1 =         l 2 1 l 2 2 l 2 3 2l 2 l 3 2l 3 l 1 2l 1 l 2 m 2 1 m 2 2 m 2 3 2m 2 m 3 2m 3 m 1 2m 1 m 2 n 2 1 n 2 2 n 2 3 2n 2 n 3 2n 3 n 1 2n 1 n 2 m 1 n 1 m 2 n 2 m 3 n 3 m 2 n 3 + m 3 n 2 m 3 n 1 + m 1 n 3 m 1 n 2 + m 2 n 1 n 1 l 1 n 2 l 2 n 3 l 3 n 2 l 3 + n 3 l 2 n 3 l 1 + n 1 l 3 n 1 l 2 + n 2 l 1 l 1 m 1 l 2 m 2 l 3 m 3 l 2 m 3 + l 3 m 2 l 3 m 1 + l 1 m 3 l 1 m 2 + l 2 m 1         (1.39)
Transition of strains in dierent coordinate systems Strains ε

[S] ij in coordinate system [S] and ε

[K] ij in [K] can be written as :

ε [S] ij =         ε 1 ε 2 ε 3 γ 23 γ 31 γ 12         , ε [K] ij =         ε x ε y ε z γ yz γ zx γ xy         (1.40)
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The relation between ε

[S] ij and ε

[K] ij can be written as :

ε [S] ij = [B ij ] ε [K] ij (1.41)
and [B ij ] is written in the form : 

[B ij ] =         l 2 1 m 2 1 n 2 1 m 1 n 1 n 1 l 1 l 1 m l 2 2 m 2 2 n 2 2 m 2 n 2 n 2 l 2 l 2 m l 2 3 m 2 3 n 2 3 m 3 n 3 n 3 l 3 l 3 m 2l 2 l 3 2m 2 m 3 2n 2 n 3 m 2 n 3 + m 3 n 2 n 2 l 3 + n 3 l 2 l 2 m 3 + l m 2 2l 3 l 1 2m 3 m 1 2n 3 n 1 m 3 n 1 + m 1 n 3 n 3 l 1 + n 1 l 3 l 3 m 1 + l m 3 2l 1 l 2 2m 1 m 2 2n 1 n 2 m 1 n 2 + m 2 n 1 n 1 l 2 + n 2 l 1 l 1 m 2 + l m 1         (1.42) Elastic constants transition in dierent coordinate systems The relationship between σ [S] ij and ε [S] ij is : σ [S] ij = C [S] ij ε [S] ij (1.
[A ij ] σ [K] ij = C [S] ij [B ij ] ε [K] ij (1.44)
Left multiply [A ij ] -1 at both sides of equation 1.44 :

σ [K] ij = [A ij ] -1 C [S] ij [B ij ] ε [K] ij (1.45) Considering the relationship between σ [K] ij and ε [K] ij : σ [K] ij = C [K] ij ε [K] ij (1.46) so C [K] ij = [A ij ] -1 C [S] ij [B ij ] (1.47)
Calculation of elastic constants with 2D crystalline orientation If the original martensite is in [S] coordinate system and the rotated martensite (with orientation) is in [K] coordinate system, and the martensite is assumed to rotate in the plate plane with angle of θ, the direction cosines between [S] and [K] coordinate axises are : With these values, the matrix of A -1 ij can be given by : 

l 1 = cosθ m 1 = -sinθ n 1 = 0 2 l 2 = sinθ m 2 = cosθ n 2 = 0 3 l 3 = 0 m 3 = 0 n 3 = 1 [A ij ] -1 =         cos 2 θ sin 2 θ 0 0 0 2sinθcosθ sin 2 θ cos 2 θ 0 0 0 -2sinθcosθ 0 0 1 0 0 0 0 0 0 cosθ -sinθ 0 0 0 0 sinθ cosθ 0 -sinθcosθ sinθcosθ 0 0 0 cos 2 θ -sin 2 θ         (1.48) and [B ij ] is : [B ij ] =         cos 2 θ sin 2 θ 0 0 0 -sinθcosθ sin 2 θ cos 2 θ 0 0 0 sinθcosθ 0 0 1 0 0 0 0 0 0 cosθ sinθ 0 0 0 0 -sinθ cosθ 0 2sinθcosθ -2sinθcosθ 0 0 0 cos 2 θ -sin 2 θ         (1.49)
By changing the elastic constants, the orthotropic linear elasticity are dened with principal directions. For welding simulation developed by the author, elastic constants are determined from the contents of ferrite and austensite. The principal orientation is determined by a Cellular Automaton method developed in this work.

1.4.5 Plasticity

Plastic ow

For the plasticity, the material behavior are rst started by an assumption of normality of plasticity : the increment in the plastic strain tensor is in a direction which is normal to the tangent to the yield surface at the load point. When the plasticity happens, the increment of plastic ow can be expressed using Levy-Mises relationship : The equation 1.52 can be simplied using plastic strain ε p and deviatoric stress σ :

dε p = 3 2σ e dλσ (1.53) 
In equation 1.50 and 1.52, the plastic multiplier dλ determines the plastic ow amount so that when plastic deformation happens, yield criteria f is always 0.

To compute the plastic multiplier dλ, the yield eective stress σ yield e in equation 1.17 

f = F (σ 22 -σ 33 ) 2 + G(σ 33 -σ 11 ) 2 + H(σ 11 -σ 22 ) 2 + 2Lσ 2 23 + 2M σ 2 31 + 2N σ 2 12 -σ e = 0 (1.54)
where F, G, H, L, M, and N are constants obtained by tests of the material in dierent orientations. They are dened as

F = (σ yield e ) 2 2 ( 1 σ 2 22 + 1 σ 2 33 - 1 σ 2 11 ) = 1 2 ( 1 R 2 22 + 1 R 2 33 - 1 R 2 11 
)

(1.55) G = (σ yield e ) 2 2 ( 1 σ 2 33 + 1 σ 2 11 - 1 σ 2 22 ) = 1 2 ( 1 R 2 33 + 1 R 2 11 - 1 R 2 22 
) τ yield e Because of the form of the yield function, all of these ratios must be positive. If all the constants F, G, and H are positive, the yield function is always well-dened. However, if one or more of these constants is negative, the yield function may be undened for some stress states because the quantity under the square root is negative.

(1.56) H = (σ yield e ) 2 2 ( 1 σ 2 11 + 1 σ 2 22 - 1 σ 2 33 ) = 1 2 ( 1 R 2 11 + 1 R 2 22 - 1 R 2 
The ow rule is estimated by :

dε pl = dλ ∂f ∂σ = dλ f b (1.61)
where, from the above denition of plastic criteria f above,

b =         -G(σ 33 -σ 11 ) + H(σ 11 -σ 22 ) F (σ 22 -σ 33 ) -H(σ 11 -σ 22 ) -F (σ 22 -σ 33 ) + G(σ 33 -σ 11 ) 2N σ 12 2M σ 31 2Lσ 23         (1.62)
1.4.5.3 Dening anisotropic yield behavior on the basis of strain ratios (Lankford's r-values)

In Abaqus [START_REF] Hibbitt | Abaqus analysis userâs manual version 6.10[END_REF], Hill's anisotropic plasticity potential is dened consisting of ratios of yield stress in dierent directions with respect to a reference stress. However, in some cases, such as sheet metal forming applications, it is common to nd the anisotropic material data given in terms of ratios of width strain to thickness strain. Mathematical Introduction relationships are then necessary to convert the strain ratios to stress ratios that can be input into Abaqus.

In sheet metal forming applications we are generally concerned with plane stress conditions. Consider x, y to be the longitudinal (rolling) and respectively transversal directions in the plane of the sheet where z is the thickness direction. From a design viewpoint, the type of anisotropy usually desired is that in which the sheet is isotropic in the plane and has an increased strength in the thickness direction, which is normally referred to as normal anisotropy. Another type of anisotropy is characterized by different strengths in dierent directions in the plane of the sheet, which is called planar anisotropy.

From a simple tensile test performed in the x-direction in the plane of the sheet, the ow rule for this potential (given above) denes the incremental strain ratios (assuming small elastic strains) as dε 11 : dε 22 :

dε 33 = G + H : -H : -G (1.63)
Therefore, the ratio of width to thickness strain, often referred to as Lankford's r-value, is

r x = dε 22 dε 33 = H G (1.64)
Similarly, for a simple tension test performed in the y-direction in the plane of the sheet, the incremental strain ratios are General anisotropy Thus far, we have only considered loading applied along the axes of anisotropy. To derive a more general anisotropic model in plane stress, the sheet must be loaded in one other direction in its plane. Suppose we perform a simple tension test at an angle α 1 to the x-direction ; then, from equilibrium considerations we can write the nonzero stress components as

σ 11 = σ cos 2 α 1 (1.72) σ 22 = σ sin 2 α 1 (1.73) σ 12 = σ sin α 1 cos α 1 (1.74)
where σ is the applied tensile stress. Substituting these values in the ow equations and assuming small elastic strains yields

dε 11 = [(G + H) cos 2 α 1 -H sin 2 α 1 ] σ f dλ (1.75) dε 22 = [(F + H) sin 2 α 1 -H cos 2 α 1 ] σ f dλ (1.76) dε 33 = -[F sin 2 α 1 + G cos 2 α 1 ] σ f dλ (1.77) dγ 12 = [N sin α 1 cos α 1 ] σ f dλ (1.78)
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Assuming small geometrical changes, the width strain increment (the increment of strain at right angles to the direction of loading, α 1 ) is written as

dε α 1 + π 2 = dε 11 sin 2 α 1 + dε 22 cos 2 α 1 -2dγ 12 sin α 1 cos α 1 (1.79)
and Lankford's r-value for loading at an angle α 1 is

r α 1 = dε α 1 + π 2 dε 33 = H + (2N -F -G -4H) sin 2 α 1 cos 2 α 1 F sin 2 α 1 + G cos 2 α 1 (1.80)
One of the more commonly performed tests is that in which the loading direction is at 45 • . In this case

r 45 = 2N -(F + G) 2(F + G) or N G = (r 45 + 1 2 )(1 + r x r y ) (1.81)
If σ 0 is equal to σ 11 in the metal plasticity model, R 11 = 1. R 22 , R 33 are as dened before for transverse or planar anisotropy and, using the relationships above,

R 12 = 3(r x + 1)r y (2r 45 + 1)(r x + r y ) (1.82)

Material constitutive models

Normally the equation 1.15 σ yield e = Function(ε p e )" is in a general form :

σ yield e = σ 0 + F(ε p e ) (1.83) 
σ yield e = σ 0 ( εp , T) + F(ε p e , εp , T)

(1.84)
where σ 0 is yield stress and F (ε p e ) is the back stress in function of plastic strain ε p e .

When the inuence of strain rate and temperature is considered, the equation 1.83 can be more complex (equation 1.84). Based on the equation form, the general form under strain rate and temperature inuence can be sumarized by four categories [START_REF] Kumar | Predicting the ow behavior of metals under dierent strain rate and temperature through phenomenological modeling[END_REF] :

1. Only the yield stress is inuenced by strain rate sensitivity and temperature sensitivity, such as the work of Zerilli-Armstrong model for BCC material [START_REF] Zerilli | Dislocation-mechanics-based constitutive relations for material dynamics calculations[END_REF].

σ yield e = A ( εp , T) • σ 0 + F(ε p e ) (1.85) 2.
Only the back stress is inuenced by strain rate sensitivity and temperature sensitivity, such as the work of Zerilli-Armstrong model for FCC material [START_REF] Zerilli | Dislocation-mechanics-based constitutive relations for material dynamics calculations[END_REF]. Johnson-Cook model [START_REF] Gordon | A constitutive model and data for metals subjected to large strains, high strain rates and high temperatures[END_REF].

σ yield e = σ 0 + A ( εp , T) • F(ε p e ) (1 
σ yield e = A ( εp , T) • [σ 0 + F(ε p e )]
(1.87)

4. The yield and the back stress are inuenced dierently by strain rate sensitivity and temperature sensitivity, such as the work of Zhao [START_REF] Zhao | A constitutive model for metals over a large range of strain rates identication for mild-steel and aluminium sheets[END_REF] and Khan-Liang [START_REF] Akhtar | Behaviors of three bcc metal over a wide range of strain rates and temperatures : experiments and modeling[END_REF].

σ yield e = A ( εp , T) • σ 0 + B ( εp , T) • F(ε p e ) (1.88)
General constitutive model A proposed constitutive law of A. Gavrus [START_REF] Gavrus | Formulation of a new constitutive equation available simultaneously for static and dynamic loadings[END_REF][START_REF] Gavrus | Constitutive equation for description of metallic materials behavior during static and dynamic loadings taking into account important gradients of plastic deformation[END_REF][START_REF] Gavrus | Analysis of metallic materials behavior during severe loadings using a fe modeling of the shpb test based on a numerical calibration of elastic strains with respect to the raw measurements and on the inverse analysis principle[END_REF][START_REF] Gavrus | Analysis of the dynamic SHPB test using the nite element simulation[END_REF] developed from physical mechanisms of dislocations kinetics, taking into account a mixture Avrami formulation and a material structure evolution at a mesoscopic scale, dene in a more general way the constitutive behavior of a large class of metallic alloys, written the equivalent stress variation in the following general form :

σ yield e (ε p e , ε, T) = H(ε p e ) • G( ε) • F(T) (1.89)
where the hardening term is H(

ε p e ) = σ h (ε p e ) • (1 -ψ) + σ s • ψ, strain rate sensitivity G( ε) and temperature sensitivity F(T).
The strain rate G an temperature F dependency functions have been also proposed in order to generalize classical Cowper-Symonds, Zerilli-Amstrong, Johnson-Cook, Norton-Ho or Hirt formulations. Concerning this general mesoscopic law proposed by A. Gavrus [START_REF] Gavrus | Formulation of a new constitutive equation available simultaneously for static and dynamic loadings[END_REF][START_REF] Gavrus | Constitutive equation for description of metallic materials behavior during static and dynamic loadings taking into account important gradients of plastic deformation[END_REF][START_REF] Gavrus | Analysis of metallic materials behavior during severe loadings using a fe modeling of the shpb test based on a numerical calibration of elastic strains with respect to the raw measurements and on the inverse analysis principle[END_REF][START_REF] Gavrus | Analysis of the dynamic SHPB test using the nite element simulation[END_REF], the hardening term σ h can be expressed by Ludwick, Voce or generalized Voce expressions and the material fraction ψ describing the dynamic softening phenomena such as : dynamic recovery, dynamic recrystallizations, twinning, respectively phase transition and dual-phase structure material mixture is written in the following form : ψ = 1 -e -r•ε s p where r and s can have constant values or strain rate and temperature dependency [START_REF] Gavrus | Identication automatique des parametres rheologiques par analyse inverse[END_REF][START_REF] Gavrus | Formulation of a new constitutive equation available simultaneously for static and dynamic loadings[END_REF][START_REF] Gavrus | Constitutive equation for description of metallic materials behavior during static and dynamic loadings taking into account important gradients of plastic deformation[END_REF][START_REF] Gavrus | Analysis of metallic materials behavior during severe loadings using a fe modeling of the shpb test based on a numerical calibration of elastic strains with respect to the raw measurements and on the inverse analysis principle[END_REF][START_REF] Gavrus | Analysis of the dynamic SHPB test using the nite element simulation[END_REF]. The saturated term σ s can be regarded generally as a constant value or in the case of dual-phase material as a variation with the plastic strain. 

H(ε p e ) = σ h (ε p e ) • w + σ s (ε p e ) • (1 -w) (1.90)
where ε p e is the cumulated eective plastic strain. In equation 1.90, σ h (ε p e ) represents the hardening component, σ s (ε p e ) the softening component and w the material fraction describing the mixture of the dual-phase material (w=1-ψ is the hardening component fraction).
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Ludwik model For a material phase such as the martensite one, the material ow stress σ yield e can be expressed by the Ludwik hardening model using a classical power form :

H(ε p e ) = σ 0 + n 1 (ε p e ) n 2
(1.91)

Ludwik model can be interpreted as a particular term of the general constitutive equation 1.89 dened by σ h (ε p ) = σ 0 + n 1 ε n 2 p and ψ = 0.

Voce model The Voce law is a good rheological formulation used to describe the material recovery (hardening with saturation plateaus) such as the plastic ow of the ferrite. The Voce model can be expressed in the following form :

H(ε p e ) = σ 0 + n 1 • 1 -e -n 2 •ε p e (1.92)
In Equation 1.92, n 1 + σ 0 is the saturation stress and σ y is the initial yield stress. Voce model can be interpreted in term of equation 1.90 at the sum of (n

1 + σ 0 ) • 1 -e -n 2 •ε p e and σ 0 • e -n 2 •ε p e dene where σ S = n 1 + σ 0 , σ h = σ 0 and ψ = 1 -e -n 2 •ε p
e is the dynamic recovery material fraction.

Sung-Kim-Wagoner model At the year 2010, Sung et al. [START_REF] Hyun | A plastic constitutive equation incorporating strain, strain-rate, and temperature[END_REF] proposed a H/V model" (Hollomon/Voce" model) considering temperature as an inuence parameter on Hardening term. The H/V model" Hardening term is given by :

H(ε p e , T ) = p(T)f H + (1 -p(T))f V p(T ) = p 1 -p 2 (T -T 0 ) f H = H HV ε n HV p f v = V HV (1 -A HV e -B HV εp ) (1.93)
where T 0 is a reference temperature, and p 1 , p 2 , H HV , n HV , V HV , A HV , and B HV are material constants. This model is a particular case of the general constitutive model of equation 1.89 (ψ = p(T )).

A proposed hardening model According to the above considerations, only mathematical improvements of classical hardening laws to t more accurately the experimental data are generally not physically based models. Since DP600 is a dual phase material containing both martensitic and ferritic phases, a proper and physical rheological hardening model should be dened. Based on equation 1.90, using a hardening term H(ε p e ) dened by a mixture Avrami formulation with a Voce model σ s describing the ferritic recovery and the hardening inuence σ h of martensite and introducing the material fraction w to dene the content of martensitic phase, the following synthesis model is proposed : 

H(ε p e ) = w • σ h-martensite + (1 -w) • σ s-f errite
T * = T -T r T melt -T r (1.95)
T melt , T , T r are melting, current, and room temperature, respectively. For DP600 steel, T melt is supposed to be 1803.15 K and the room temperature is 298.15 K.

Arrhenius model

The temperature sensitivity of Arrhenius term ( [START_REF] Samantaray | Constitutive analysis to predict high-temperature ow stress in modied 9Cr-1Mo (p91) steel[END_REF]) is expressed by :

F(T ) = exp m Q RT (1.96)
Where R is the universal gas constant, m is an adjustable parameter and Q the activation energy. Majority of thermo-mechanical plasticity applications consider a simplied expression using the thermal parameter β = m Q/R.

Hirt model Similar to Arrhenius model, the Hirt model is dened as :

F(T ) = exp -β T (1.97)
Linear model The linear model can be viewed as an one order Taylor development of the exponential Hirt model :

F(T ) = exp -β T = 1 -β T + • • • (1.98)
Using m" for β " and T -T r " to instead of T" and avoid the rest, a simple linear model can be obtained.

The linear term of temperature sensitivity has been proposed by Hutchison ([49]) in 1960s. The material drops linearly with temperature increment.

F(T) = 1 -m • (T -T r ) (1.99)
Where m is a material coecient and T r is reference temperature. The linear model is simple in form but not suitable for rapid material strength drop. 

F(T ) = T m -T T m -T r m (1.101)
Chen model The Chen model ( [START_REF] Chen | Mechanical properties and constitutive relationships of 30crmnsia steel heated at high rate[END_REF]) contains the temperature sensitivity term as the following form. The Taylor development of the Chen model is

1 + n • T * m + • • • ", so
when n" is set to -1" and the Chen model can be viewed as a rst order approximation of Johnson-Cook model.

F(T ) = exp(n • T * m ) (1.102)
Proposed model The proposed model can be viewed as a more general form equation as Johnson-Cook temperature model (k = n = 1).

F(T ) = (1 -k • T * m ) n (1.103) 1.4.6.

Strain rate sensitivity

The power model The power model known as a Norton one [START_REF] Harwood | The creep of steel at high temperatures[END_REF] is suitable for low strain rates :

G( ε) = ε ε0 m (1.104)
where ε and ε0 are the current and reference strain rates, m is a material parameter.

The Cowper-Symonds model The Cowper-Symonds model [START_REF] Cowper | Strain-hardening and strain-rate eects in the impact loading of cantilever beams[END_REF] is used for small strain rates :

G( ε) = 1 + ε C 1/m or G( ε) = 1 + ε C 1/m (1.105)
Continuum mechanics description 55 where C and m are material parameters.

The Johnson-Cook model Johnson-Cook model [START_REF] Gordon | A constitutive model and data for metals subjected to large strains, high strain rates and high temperatures[END_REF] is used for high strain rates :

G( ε) = 1 + m • ln ε ε0 (1.106)
As dened in the part of power law, ε and ε0 are the current and reference strain rates, m is a material parameter.

The general Arcsinus hyperbolic model Starting from the general strain rate sensitivity term proposed by A. Gavrus [START_REF] Gavrus | Formulation of a new constitutive equation available simultaneously for static and dynamic loadings[END_REF][START_REF] Gavrus | Constitutive equation for description of metallic materials behavior during static and dynamic loadings taking into account important gradients of plastic deformation[END_REF][START_REF] Gavrus | Analysis of metallic materials behavior during severe loadings using a fe modeling of the shpb test based on a numerical calibration of elastic strains with respect to the raw measurements and on the inverse analysis principle[END_REF][START_REF] Gavrus | Analysis of the dynamic SHPB test using the nite element simulation[END_REF], physically based on kinetics mechanisms of dislocations glides for both static and dynamic loadings, a sinus hyperbolic strain rate sensitivity is dened for describing material behavior for a wide range of strain rate (from small to very large value) :

G( ε) = 1 + Ash 1 2 ( ε/ ε0 ) D , T 0 < T < T m (1.107) or G( ε) = Ash e 2 ( ε/ ε0 ) D , 0.3T m < T < T m (1.108)
where Ash(x) is the inverse function of sinh(x) and Ash(x) is dened as :

Ash(x) = ln x + 1 + x 2 (1.109)
It is shown in the work [START_REF] Gavrus | Formulation of a new constitutive equation available simultaneously for static and dynamic loadings[END_REF][START_REF] Gavrus | Constitutive equation for description of metallic materials behavior during static and dynamic loadings taking into account important gradients of plastic deformation[END_REF][START_REF] Gavrus | Analysis of metallic materials behavior during severe loadings using a fe modeling of the shpb test based on a numerical calibration of elastic strains with respect to the raw measurements and on the inverse analysis principle[END_REF][START_REF] Gavrus | Analysis of the dynamic SHPB test using the nite element simulation[END_REF] that this proposed law predict Norton power or Cowper-Symmonds form for small strain rate and Johnson-Cook form for high strain rate. For the welding simulation, the equation 1.107 is used to describe strain rate sensitivity from room temperature to melting temperature, taking into account gradients of strain rate between melted region and static solid boundary (BM-Base material).
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Chapitre 2

Experimental data concerning thermo-mechanical behavior of DP600 

Uniaxial tensile testing

Uniaxial tensile tests are operated according to previous work presented in [START_REF] Nasri | Experimental characterization and numerical modeling of the three-dimensional anisotropic behavior of a thick sheet aluminum alloy AA2024-T351 using multi-scale approaches[END_REF].

According to a longitudinal load, the tensile direction is along the plate rolling direction (0

• ). For a middle diagonal load the tensile direction has 45 • with the plate rolling direction. Along a tranversal loading the tensile direction is perpendicular to the plate rolling direction (90 • ). The steps of uniaxial tensile testing are presented as below :

1. Cut of the specimen as described in the Figure 2.2.

2. Mark on the sample to remember initial length and width of sample 

F total = F machine = F specimen (2.1)
F machine = K machine • l machine (2.
2)

F specimen = K specimen • l specimen (2.3) 
F total = K total • l total (2.4) 
l total = l machine + l specimen (2.5)

K specimen = E specimen • S specimen l specimen (2.6)
1. In gure 2.4, with the data detected from tensile test machine and camera, a reference high strength low steel (HSLA) with obvious point of elastic limit is used to compute the rigidity of machine :

(a) Force-displacement curve using LVDT sensor (b) true stress-strain curve using camera measurements 

E HLSA = σ ε = 328.90MPa -29.17MPa 0.0037 -0.0022 = 199.82GPa
(2.7)

3. Sicne the length of speciman L speciman = 20mm and the cross-area of the specimen S speciman = 15mm 2 , the rigidity of specimen K specimen can be get :

K specimen = E HLSA • S speciman L speciman = 199.82GPa × 15mm 2 20mm = 1.499 × 10 5 N/mm (2.8)
4. The total rigidity K total is :

K total = F total / L total = 5092N 0.4005mm = 1.271 × 10 4 N/mm
(2.9)

5. Use the equations from Equation 2.1 to Equation 2.6, the rigidity of machine is calculated : For the tensile tests on dual phase DP600 steel, the same rigidity 1.389 × 10 4 N/mm is used for experimental data improvement supposing the machine rigidity do not varies with the change of test material from HSLA to DP600 steel.

K machine = 1 1 K total - 1 K specimen = K total • K specimen K specimen -K total = 14.
2.2 Material thermo-mechanical constitutive model of DP600

Hardening term

A tensile test of cold rolled dual phase steel DP600 specimen is conducted at room temperature and initial strain rate 8.33×10 -4 s -1 along the longitudinal direction (0 • ) to obtained the reference true stress-strain curve. The result are presented in gure 2.5.

In FEM simulation of ABAQUS, the plastic ow of dual phase steel DP600 is input either by a pair of true stress -plastic true strains points or by a UHARD subroutine.

The plastic part of true stress-plastic strain curve is presented in gure 6.2.

Material thermo-mechanical constitutive model of DP600 given by :

σ yield e (ε p ) = σ 0 + n 1 ε n 2 p
Based on the experimental data of gure 6.2 and using a non-linear regression method, parameters are identied for the Ludwik model of dual phase steel DP600 at room temperature and initial strain rate 0.0005s -1 . The Ludwik model with identied parameters is named Classical Ludwik model 01 and the formula is given by :

σ yield e (ε p ) = 400 + 980ε 0.48 p (2.11)
For the DP600 steel, the Ludwik model cannot fully t all the original experimental curve, so a mathematically modied form of Ludwik model is proposed to represent the observed material behavior :

σ yield e (ε p ) = σ y + n 1 ε n 2 p + n 3 ε p + n 4 (2.12)
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Based on the experimental data of gure 6. 

Voce model

The Voce law is a good rheological formulation used to describe material recovery (hardening with saturation plateaus) such as the plastic ow of the ferrite. The Voce model can be expressed in the following form [START_REF] Voce | A practical strain-hardening function[END_REF] :

σ yield e (ε p ) = σ y + n 1 • [1 -exp(-n 2 ε p )]
In the framework of equation 1.89, n 1 + σ y is the saturation stress σ s and σ y is the initial yield stress and ψ = 1 -exp(-n 2 ε p ).

Based on the experimental data of gure 6.2, the identied Classical Voce model 01 can be written by :

σ yield e (ε p ) = 400 + 555 • [1 -exp(-15.5ε p )] (2.14)
It can be seen that the plastic ow stress can not be perfectly tted by the Voce equation, so a mathematically modied form is proposed in order to t the experimental curve.

σ yield e

(ε p ) = σ y + n 1 • [1 -exp(-n 2 ε p )] + n 3 ε p (2.15)
Material thermo-mechanical constitutive model of DP600 The identied Modied Voce model is given by :

σ yield e (ε p ) = 400 + 270 • [1 -exp(-30ε p )] + 900ε p (2.16)
As is seen in gure 2. Regarding all these previous identied classical and improved law, it can be noted that a relatively poor accuracy is observed to describe behaviors for small plastic strain and more greater ones. 

Proposed synthesis model

σ yield e (ε p ) = w • (σ ym + n 1 ε n 2 p ) + (1 -w) • σ y f + n 3 • [1 -exp(-n 4 ε p )]
(2.17)
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During laser welding material the martensite volume fraction is changed, from experimental point of view, and it is dicult to estimate the volume fraction of martensite.

Dual phase DP600 steel has generally a martensite volume fraction from 0.2 to 0.6.

An average value of 0.4 has been considered in a rst time. Furthermore, experimental tensile tests for DP600 steel with dierent martensite fraction must be used to identify σ ym and σ y f . Here σ y = σ ym = σ y f .

Identication with martensite fraction of w=0.40 A rstly rough identication for an average value of w equal to 0.4 concerning the martensitic fraction is obtained in the below equation : The Classical Voce model 02 is identied and written by :

σ yield e (ε p ) = 0.40 • (400 + 1660ε 0.63 p ) + 0.60 • {400 + 340 • [1 -exp(-27.5ε p )]} (2.
σ yield e (ε p ) = 400 + 340 • [1 -exp(-27.5ε p )]
(2.20)

The gure 2.9 plot the dierence between the experimental data, the classical Ludwik (2.23)

The "Proposed synthesis model 02", "Proposed synthesis model 0" and "Proposed synthesis model 1" are compared with original experimental data in gure 2.10 : 

T * = T -T r T melt -T r
T melt , T , T r are melting, current, and room temperature, respectively. For DP600 steel, T melt is supposed to be 1803.15 K and the room temperature is 298.15 K.

For Johnson-Cook model [START_REF] Gordon | A constitutive model and data for metals subjected to large strains, high strain rates and high temperatures[END_REF], T r is room temperature to dene T * in equation 1.100.

F(T ) = 1 -T * m

To t the experimental data of table 2.2 obtained, m=1.5 are used. So the Johnson-Cook sensitivity model can be written as :

F(T ) = 1 -T * 1.5 (2.24)
Material thermo-mechanical constitutive model of DP600 

F(T ) = T m -T T m -T r m
According to the above experimental data, m=0.5 are identied. So the Khan sensitivity model can be written as :

F(T ) = T m -T T m -T r 0.5 (2.25)
Chen temperature sensitivity model The Chen model [START_REF] Chen | Mechanical properties and constitutive relationships of 30crmnsia steel heated at high rate[END_REF] temperature sensitivity term is written in equation 1.102 :

F(T ) = exp(n • T * m )
The parameters m=-28.418 and n=4.254 are obtained from the t of experimental data and the temperature sensitivity of Chen model is given by :

F(T ) = exp(4.254 • T * -28.418 ) (2.26)
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A proposed temperature sensitivity model The proposed model can be viewed as a more general form of Johnson-Cook temperature model (k = n = 1).

F(T ) = (1 -k • T * m ) n
For the high strength steel, parameters of m=4.027, n=38.629 and k=0.699 are obtained and the proposed temperature senstivity model becomes : 

F(T ) = (1 -0.699 • T * 4.027 )
F (T ) = 1.55 -3.50 × 10 -3 • T + 7.00 × 10 -6 • T 2 -4.82 × 10 -9 • T 3 (2.28)
993.15K < T < 1213.15K : 

F (T ) = 5.18 -7.83 × 10 -3 • T + 2.30 × 10 -6 • T 2 + 5.35 × 10 -10 • T 3 (2.
F(T ) = σ T σ 20 • C = R T p0 .2 + R T m R 20 • C p0.2 + R 20 • C m (2.30)
F(T ) = 1 -T * 1.5 (2.31)
Khan temperature sensitivity model The Khan temperature sensitivity model with parameter m=0.5 is also suitable for the dual phase material DP600 :

F(T ) = T m -T T m -T r 0.5 (2.32)
Chen temperature sensitivity model The parameters m=-51.61 and n=4.23 are used to t the experimental data and the temperature sensitivity of Chen model is given by :

F(T ) = exp(4.23 • T * -51.61 ) (2.33)
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A proposed temperature sensitivity model For dual phase steel DP600, the following temperature senstivity model is obtained : 

F(T ) = (1 -0.491 • T * 4.212 ) 103.
20 • C < T < 400 • C : y = 1.099792 -0.0003741T + 0.0000001T 2 (2.35) 400 • C < T < 800 • C : y = 4.5386048 -0.0074378T + 0.0000030T 2 (2.36)

Synthesis of DP600 temperature sensitivity models

As is seen in From gure 6.5, it is observed that at various conditions with dierent temperatures and strain rates, the ow stresses of literature [3] are higher than our experimental data, but the shapes of ow stress-strain curves are similar. Based on the identied hardening
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term at room temperature of the authors' experimental data, the strain rate sensitivity are identied and discussed below.

Strain rate sensitivity of DP600 dual phase steel

Based on all the above data, the following strain rate sensitivity term based on the plastic ow curves of gure 6.5 is obtained :

G( ε) = 0.8042232 × 1 + Ash 1 2 ( ε/96.077) 0.0005410×T -0.1443611 (2.40)
Using the hardening, the temperature sensitivity and the strain rate sensitivity, the DP600 ow stress model nally written by :

σ(ε p , T, ε) = { 0.2 × (2772.93 × ε 0.5765 p + 331.74) + 0.8 × [289.34 × (1 -e -11.5505×εp ) + 331.74] } × (1 -0.49 × T * 4.21 ) 103.17 × 0.8042232 × 1 + Ash 1 2 ( ε/96.077) 0.0005410×T -0.1443611 (2.41) 
The ow stress simulation results from the DP600 dual phase steel material model using the strain rate sensitivity model of equation 2.40 is presented in gure 2.17.

Though the ow stresses of DP600 dual phase steel at temperature of 25

• C, 115 • C
and 175

• C with dierent strain rate of 0.2s -1 ,0.02s -1 ,0.002s -1 and 0.0002s -1 have a lot of variations, the identied strain rate material model proposed by A. Gavrus [START_REF] Gavrus | Constitutive equation for description of metallic materials behavior during static and dynamic loadings taking into account important gradients of plastic deformation[END_REF][START_REF] Gavrus | Formulation of a new constitutive equation available simultaneously for static and dynamic loadings[END_REF] can get a fairly good accordance with acceptable small dierences.

Planar anisotropy dened by Hill theory

For nearly all plate materials, the rolling process would bring anisotropy to the plate.

The anisotropy of DP600 steel is considered as planar anisotropy according to Hill-48 theory. The Hill's potential function is an extension of the Mises function, which can be expressed in terms of rectangular Cartesian stress components in equation 1.54 : At the beginning, the length and width of test area are noted as l 0 and w 0 , respectively. The tensile test are conducted with a strain rate of 10 -2 s -1 . When the total strain ε total = 0.15, specimen are unloaded and the length l 1 and width w 1 are measured.

f (σ) = F(σ 22 -σ 33 ) 2 + G(σ 33 -σ 11 ) 2 + H(σ 11 -σ 22 ) 2 + 2Lσ
(a) 25 • C, 0.001s -1 (b) 25 • C, 0.1s -1 (c) 25 • C, 750s -1 (d) 25 • C, 1250s -1 (e) 115 • C, 0.001s -1 (f) 115 • C, 0.1s -1 (g) 115 • C, 750s -1 (h) 115 • C, 1250s -1 (i) 175 • C, 750s -1 (j) 175 • C, 1250s -1
Along the three specimen directions, the corresponding measurements are presented in The Lankford coecient r (also known as width/thickness strain ratio) can be com-

puted by r = ln(w 1 /w 0 ) ln(w 1 • l 1 /w 0 • l 0 ) (2.42)
Specimens with dierent angles θ = 0 • , θ = 45 • and θ = 90 • are analyzed by tensile tests. The corresponding anisotropic coecients are noted as r 0 , r 45 and r 90 respectively.

Based on the r-values, the Hill parameters can be estimated using following formula :

F = r 0 (1 + r 0 )r 90 (2.43) G = 1 1 + r 0 (2.44) H = r 0 1 + r 0 (2.45)
Material thermo-mechanical constitutive model of DP600 ). From the {110}, {200} and {211} pole gures, using a 5 • × 5 • grid, the Orientation Distribution Function (ODF) was calculated using LaboTex software ( [START_REF] Pawlik | LaboTex : the texture analysis software[END_REF]). The texture exhibits slight {hkl}<110> reinforcements, typical of a cold rolled ferritic steel, but the calculated texture index is rather low (1.6). An elastic self-consistent calculation was performed considering the experimental texture to deduce the {110} dependent values for Young's modulus (E 110 ) and Poisson's ratio (ν 110 ) : as a result, it appears that the elastic anisotropy should remain very low, with E 110 ranging between 220 and 226 GPa, and ν 110 between 0.31 and 0.35, depending on the considered direction. In a rst approach, triaxial residual stresses were thus calculated from the measured strains applying the Hooke's law (equation 2.50) in the isotropic elasticity approximation :

σ i = E 110 1 + ν 110   ε i + ν 110 1 -2ν 100 j ε j   (2.50)
where i, j = axial, transverse and normal, and with the following values for Young's modulus E 110 = 220 GPa and Poisson's ratio ν 110 = 0.33.

Since the characterized zones close to (Heat Aected Zone, HAZ) and within the weld (Fusion Zone, FZ) may have their microstructures more or less strongly aected by the welding process, chemical composition is likely to be heterogeneous depending on the distance from the center of the weld. One would thus commit an error if considering the base material as the reference material for unstrained lattice spacing. So, due to the low thickness of the studied plates, a zero normal stress state was assumed (i.e. a plane stress state), and theoretical reference lattice spacing and diraction angles 2θ 0 could thus be calculated for each measurement point, applying the following formula (2.51), ( [START_REF] Staron | Residual stress in friction stirwelded al sheets[END_REF]) :

2θ 0 = 2 • sin -1 (1 + ν) • sinθ normal • sinθ axial • sinθ transverse (1 -ν) • sinθ axial • sinθ transverse + ν • sinθ normal • (sinθ axial + sinθ transverse ) (2.51)
Considering the diculty to obtain a reliable unstressed reference sample, the reference (unstressed) d 0,{110} lattice spacing required for strain calculations was determined assuming a zero normal stress at 5 mm in the base metal from the center of the weld.

Two plates of dual phase DP600 with geometry described in chapter 4.6 are assembled by laser lap welding with laser 4kW, welding speed 3m/min and laser focusing 

Cellular Automaton Model

In the laser welding of metallic plates, the solidication process oer the laser fusion which plays an important role on microstructure morphology and residual stresses estimation. This chapter present a Cellular Automaton (CA) model used to simulate growth of dendrite grains, especially concerning martensite phase obtained from fusion solidication process of dual phase DP600 steel regarded at initial time the base metal.

Development of Cellular Automaton model

The concept of Cellular Automaton (CA) was rst discovered by Stanislaw Ulam and John Von Neumann, who were both researchers at the Los Alamos National Laboratory in New Mexico in the 1945 [START_REF] Ulam | Random ergodic thorems[END_REF]. Ulam was studying the growth of crystals and Von Neumann was imagining a world of self-replicating robots which can build copies of themselves. The collision of the two thoughts gives the birth of the CA. At 1970s, a two-dimensional cellular automaton called Conway's Game of Life is created [START_REF] Conway | The game of life[END_REF].

The game greatly simplify Von Neumann's idea and attracted a lot of interest. In 2002, Wolfram published a book [START_REF] Wolfram | A new kind of science[END_REF], A New Kind of Science, which discusses the CA method in detail.

In brief, Cellular Automaton (CA) is a system made up of many cell objects.

The cell has a state or many states and some neighborhoods. In the rule dened by programmers, the CA can iterate on itself. On the whole, the cells can provide an determined resulted according to the dened rules. Because the variation of cells is so complicated, the CA has the ability to provide us a method to simulate microstructure evolution in a reasonable way.

As a physical and exible enough model to incorporate the complexity of simulated phenomena, CA method has been successfully used in the simulation of solidication microstructure evolution. Though CA method have many advantages in microstructure simulation, a major problem hold back the development of CA method. The problem is that the crystallographic axes orientations of dendrite grains are inuenced by the CA network [START_REF] Rappaz | Probabilistic modelling of microstructure formation in solidication processes[END_REF]. In 2008, a limited angles method [START_REF] Zhan | Cellular automaton simulation of grain growth with dierent orientation angles during solidication process[END_REF] was proposed which gives the Chapitre 03 cellular automaton a new life for microstructure solidication simulation. In this work, CA method is applied in laser welding microstructure simulation with limited angles method.

Cell

Cell is for Cellular Automaton Method as an Element such as for Finite Element Analysis. It is the basic part for doing the computation. For a problem going to be analysed, the zone of the problem has to be divided into many small parts. In Cellular Automaton, the small part is the cell. For 3D analysis, the cell may be cube, regular tetrahedron, rectangular solid or hexagonal pillar. For 2D analysis the cell may be square (such can be seen in gure 3.1), rectangle, regular triangle or regular hexagon.

No matter what shape is the cell, the shape of cell has one thing in common : the shape of the cell are locally the same. In this way, the rule can be equally applied to all cells. 

States

In cellular Automaton, every cell have some states. The state make all the cell belong to dierent groups. According to the state, dierent rules can be applied to a cell and dierent colors can be assigned to a cell. A cell can have numerical computation of many states. For CA evolution, the state of cell determines which kind of rule is used for a cell.

For display results, the state of cell determines which color is used on a screen. In the microstructure simulation proposed by this thesis work, some states are very important for the numerical computation as described below : The state of cell may be bulk for the melting weld, mould wall for the weld or base metal. The two state, bulk or mould, dier the rules of nucleation probability to a cell.

The state of bulk or mould or base metal are determined by the temperature history of the weld. As is generally known, the heterogeneous nucleation is much faster than an homogeneous nucleation. The energy needed to form a nucleus at a surface is less than that in the bulk, so the nucleation probability at the mould wall of weld is much bigger than the nucleation probability in the bulk. As is seen in the gure 3.2, the bulk of the weld is red (liquid part), the mould wall is green (semi-solid part), and the base metal (solid part) that is not melt yet is grey. The green part has the most probability to form a nuclei. In a circle of the program simulation solidication, dierent computations are used on cells of dierent state. For example, the nucleation is only used on liquid cells, while the green and blue part are free of nucleation consideration. In solidication simulation, the white part turns to green, and green part turns to blue if condition is suitable, which means that liquid cell changes to semisolid cell (growing cell or cell at the interface) and semisolid cell changes to solid cell. 

Direction Index

A state number of growth direction is needed in the dendrite grain growth simulation.

In Cellular Automaton, the message is passed by neighborhood cells and cannot jump the neighborhood cell to the other cell. This way of passing message induce a problem that the preferential growth direction is aected by the mesh type. The simulation can not keep the preferential growth direction [START_REF] Rappaz | Probabilistic modelling of microstructure formation in solidication processes[END_REF]. A method proposed by Zhan [START_REF] Zhan | Simulation of columnar dendrite grain growth in weld pool of Ni-Cr binary alloy[END_REF] use several cells to remember the growth direction. In this work, the method proposed by Zhan is used to solve problem of the preferential direction of growth.

As is seen in gure 3.4, a schematic of preferential direction of growth is presented.

The center cell with grey color is a big cell made up of 16 small cells. The small cell is the basic element of CA model and the big cell is just used to solve with the problem of preferential direction of growth. After the big center cell solidify, four big neighbor cells are set to growing state and the center point of the neighbor big cell is just on preferential direction of growth. The growth direction angle θ is the angle between the preferential direction of growth and x-direction. In theory, the growth direction angle θ can be any value when arctan(n/m) take any n and m value. But if the value of n and m is too big, the big cell will become to large which is not good for CA simulation.

In this work, 12 dierent θ values are used to present 48 preferential direction of growth. The big cell is still small comparing with the whole simulation zone. All solid cell have a state number of direction index, from 1 to 12, indicating the growth direction

The direction index number is shown in table 3.1 All the small cell that is in the zone of the big nucleation cell will change their state from liquid to growing. When the big nucleation cell solidify(change state from growing to solid), all the small cells in the big nucleation cell changes their state from liquid to solid. Meanwhile, according to the direction index, four big cell will nucleation around the solidied big cell. In this way, the dendrite grain grows along a specic direction.

For 48 directions with 12 direction index numbers, please see the gure 3.5 below.

Parameters

Every cell of a CA model contains some parameters regarded as the message of every cell. Focusing on one parameter of one cell, the parameter will be changed step by step according to some rules dened by the programmer. In solidication simulation, these rules should reects the reality and be reasonable to ensure that the computation is meaningful.

In the microstructure simulation, the temperature, the solute concentration, the solid fraction, the growing velocity and all the other parameters change according to some rules during the solidication process. For numerical computation, all the parameters are put into a cell and are considered. In gure 3.6, a small cell contains the parameters of : local cell temperature, concentration of the solution of liquid, concentration of the solution of solid, solid fraction, interface growth velocity and so on. The rule can be generally described as :

P ara n+1 x = x n+1 5 = f (x n 1 , x n 2 , x n 3 , x n 4 , x n 5 , x n 6 , x n 7 , x n 8 , x n 9 ) (3.1)
To update parameters, all cells in the simulation zone is scanned. For every one single cell, according to the state, some rules is applied to the single cell. The parameters of the single cell(here also named as the center cell) is changed, using the parameters from a previous step of the center cell and the neighbor cell. The operation of update parameters happens step by step until that some condition is reached.

Neighbourhood

In square CA model, two kinds of neighborhood is usually used. One is Von Neumann another is to dene the growth action of dendrite grain.

Melting rule

As is seen in gure 3.9, the melt rule can be described as : 

Grain growth rule

Based on function rule of the CA model, state parameters of the cells will be changed.

In time sequence, all the parameters of cells will be changed according to its neighborhood cell states and its own state one step by another step.

As is seen in gure 3.9, four gures describe the grain growth rule. In the gure, the white cell stands for liquid cell, green for growing, and blue for solid. The color change is through change the state number of the cell. In the owchart, a certain step of calculation is performed.

Step 1 : Read temperature. Load temperature data from ABAQUS, compute local temperature for every cell in the Microstructure Evolution Model.

Step 2 : Determine the cell state. If the cell temperature is above liquidus temperature, then the cell state is liquid. Some cells' state maybe growing because of nucleation or growing calculation. The solid state of cell can be achieved by solidication, which means that fs(fraction solid is equal to 1).

Step 3 : Compute time increase. If temperature of all the cell is above the liquidus temperature, no solidication behavior need to be computed. Calculate time increment to let temperature drop down.

Step 4 : nucleation. Based on the undercooling degree, the nucleation probability is computed and applied to every suitable cell.

Step 5 : Growth. For those cells whose state is growing. The fs(solid fraction) is computed, using the velocity value of previous step. If fs(solid fraction) is equal to 1, then the growing cell will change to solid cell.

Step 6 : Curvature and anisotropy. Based on the fs value around the growing cell, the curvature is computed. The curvature is used, same as anisotropy, for calculation interface concentration of growing cells.

Step Step 9 : Interface growing velocity. Based on the concentration and solid fraction, the growing velocity of interface(or growing) cell is computed.

Step 10 : Time increment Based on the growth velocity, chose an suitable time increment for further calculation.

Step 11 : Display the cell state on the screen. Liquid, growing, solid state, index, temperature, concentration, solid fraction and other parameters can be selected to be displayed on screen.

After some loop times, all the cell will turn to solid and the program stops.

3.9 Microstructure simulation of weld solidication 3.9.1 Read temperature database

During welding, dierent part of the weld goes through dierent heating and cooling process. The weld temperature distribution eld is simulated by a Finite Element Analysis (FEA) using a conical heat source.
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According to Gaussian distribution [START_REF] Radaj | Welding residual stresses and distortion. Calculation and measurement[END_REF] for a conical heat source, the heat model can be described in gure 3.12 : (z e -z i )(r 2 e + r e r i + r 2 i )

(3.3) and r c = r i + (r e -r i )(z -z i ) z e -z i (3.4) 
The parameters of heat source used to simulation the welding temperature are shown in table 3.3 : 

T p = N i=1 l -1 i T i N i=1 l -1 i (3.5)
where T p is the temperature of small center cell of CA model. l i is the distance of CA cell to node of the ABAQUS element. 

T (i,0) = i m (T b -T a ) + T a = i m T b + m -i m T a (3.6) T (i,n) = i m (T d -T c ) + T c = i m T d + m -i m T c (3.7)
Then the node temperature is interpolated from T (i,0) and T (i,n) ,

T (i,j) = j n (T (i,n) -T (i,0) ) + T (i,0) = 1 m • n [(m -i)(n -j)T a + i • (n -j) • T b + (m -i) • j • T c + i • j • T d ] (3.8)
With the above method, T (i,j) , T (i+1,j) , T (i,j+1) and T (i+1,j+1) can be estimated. Then the cell temperature t (i,j) is achieved by the function written by :

t (i,j) = 1 4 (T (i,j) + T (i+1,j) + T (i,j+1) + T (i+1,j+1) ) (3.9)
In gure 3.17, the region with temperature above the melting point is red while the region unmelted is black. Subgure (a) presents the simulation position of weld. Because concentrations at the mould are dierent from that in the bulk, the curvature undercooling at the mould computed from the concentration will dier from the curvature in the bulk. As the undercooling inuence, the nucleation density at the mould will not be same as that in the bulk. Thus, there are two kinds of computation methods [START_REF] Rappaz | Probabilistic modelling of microstructure formation in solidication processes[END_REF]. One is for the mould wall, the other is for the bulk of alloy liquid.

For the mould wall(s stands for surface),

δn s = n s [∆T + δ(∆T )] -n s ∆T = ∆T +δ(∆T ) ∆T n s,max √ 2π∆T σ e -1 2 ( t -∆T s,max ∆T σ ) 2 dt (3.10)
For the bulk of the alloy liquid (v stands for volume),

δn v = n v [∆T + δ(∆T )] -n v ∆T = ∆T +δ(∆T ) ∆T n v,max √ 2π∆T σ e -1 2 ( t -∆T v,max ∆T σ ) 2 dt (3.11)
In the above formula, ∆T is the whole undercooling of the bulk or the mould wall, it means ∆T = T liq -T p for mould cells or bulk cells, T liq is the liquidus temperature in the Nucleation 97 Figure 3.18 The schematic of calculation of nucleation density [4] phase diagram, n s is the nucleation density of the mould wall and n v is the nucleation density of the bulk of the alloy liquid. n s,max and n v,max are the maximum nucleation density for surface and volume, respectively, ∆T σ is the standard deviation of the degree of undercooling. ∆T v,max and ∆T v,max is the maximum degree of undercooling of nucleation for surface and volume, respectively.

If the liquid cell number decreased by grain growing is considered, the equation can be modied as :

δn s = n s [∆T + δ(∆T )] -n s ∆T = ∆T +δ(∆T ) ∆T n s,max √ 2π∆T σ (1 -f vs )e -1 2 ( t -∆T s,max ∆T σ ) 2 dt (3.12) δn v = n v [∆T + δ(∆T )] -n v ∆T = ∆T +δ(∆T ) ∆T n v,max √ 2π∆T σ (1 -f vs )e -1 2 ( t -∆T v,max ∆T σ ) 2 dt (3.13)
In this equation, f vs is the volume fraction of solid already formed.The increase of grains density, δn v or δn s multiplied by the bulk cell number N v or the mould wall number N s follows the number of grains nucleated at step n. where δN e and δN c are the number of cells at the edge of welding pool ( at the mould surface) and in the center of welding pool (in the bulk) at one step. N v and N s are the number of cells in the bulk and at the mold surface, respectively. During the time step calculation both the mold-surface cells and bulk cells are scanned and a random number, rand, is generated for each of them (0 ≤ rand ≤ 1). The nucleation of a liquid cell will occur only if rand ≤ dp e or rand ≤ dp c .

Solid fraction

The solid fraction of growing cells can be determined by [START_REF] Nastac | Numerical modeling of solidication morphologies and segregation patterns in cast dendritic alloys[END_REF] δf s = δt a V x + V y -V x V y δt a

(3.16)
Here, a is the mesh size, V x is the maximum growth velocity of growing cell, δt is the increment of time.

Interface Curvature

The solid/liquid interface curvature can aect the computation of solute concentration in the growing cell.An accurate approach for calculating interface curvature is reported by Xin et al. (3.17)

A nite dierent method is used to solve the partial derivatives of the solid fraction in the equation (3.17). For every node, for example ua, the value of the node is : A more simple solid/liquid interface curvature for a cell is given by [START_REF] Nastac | Numerical modeling of solidication morphologies and segregation patterns in cast dendritic alloys[END_REF] :

ua = 1 4 [f s (i -1, j -3) + f s (i, j -3) + f s (i -1, j -2) + f s (i, j -2)]
K = 1 a      1 -2 f s + N k=1 f s(k) N + 1      (3.24)
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In the equation (3.24), a is the mesh length of CA model, fs is solid fraction and N stands for the number of neighbor cells. The result of the curvature calculation range from -1/a to 0 for concave interface and 0 to 1/a for convex interface.

Interface Concentration

To compute solute concentrations in the growing cells, the interface temperature (T * ) is rst given by :

T * = T EQ L + (C * L -C 0 )m L -Γ kf (ϕ, θ) (3.25)
Here T EQ L is the equilibrium liquidus temperature of the alloy, C * L is the interface solute concentration and C 0 is the initial concentration in the material. In the simulation, the carbon element equivalent concentration are used to simulate DP600 dual phase steel. m L is the liquidus slope of the phase diagram, k is the mean curvature of the S/L interface, Γ is the Gibbs-Thomson coecient and f (ϕ, θ) is a coecient used to account for growth anisotropy where θ is the growth angle (i.e. the angle between the normal and the x-axis) and ϕ is the preferential crystallographic orientation angle. In equation 2.20, the third term on the right-hand side is the constitutional undercooling and the second term on the right-hand side is the curvature undercooling (that reduces the total undercooling at the dendrite tip, that is, has a stabilizing eect on the S/L interface).

X.H.Zhan point out that [START_REF] Zhan | Simulation of columnar dendrite grain growth in weld pool of Ni-Cr binary alloy[END_REF] the interface temperature is also aected by the kinetic undercooling v µ k as an interface dynamic undercooling(∆T kin ). Here v is the growth velocity, and µ k is the coecient of dynamic of crystal growth.

So, C * L can be computed by :

C * L = C 0 + T * -T EQ L + Γ k + v µ k m L (3.26)
In gure 2.7.1, S stands for solid and L stands for liquid. The solute concentration gradient G C can be determined by :

G C = C * L -C L (1 -f S )∆x/2 (3.27)
Here ∆x is the mesh size in the x direction. Then, the solute concentration in liquid can be expressed as : 

C L = C * L - 1 -f S 2 ∆xG C ( 

Surface tension anisotropy

The anisotropy of surface tension [START_REF] Nastac | Numerical modeling of solidication morphologies and segregation patterns in cast dendritic alloys[END_REF] is determined from :

f (ϕ, θ) = 1 + δcos(4(ϕ -θ))

(3.29)
Here, δ = 0.04, θ is the angle between growth direction, +x direction and the ϕ angle is dened by :

ϕ = arcos V x V 2 x + V 2 y 1/2 (3.30)
3.14 Diusion Equation

Equation widely accepted

After solute concentrations in the growing cells are rst computed, solute diusions in a time step between dierent cells are estimated.

In the process of growing cells solidication, the solute released by growing cells can break the equilibrium and the solute concentration in solid and liquid cells should be determined.

At the S/L interface, it can be written :
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C * S = kC * L (3.31)
where C * S is the solute concentration in the solid at the S/L interface and k is the partition coecient.

According to Fick's second law, the partitioning of solute in liquid is given by

∂C L ∂t = ∂ ∂x (D L ∂C L ∂y ) + ∂ ∂y (D L ∂C L ∂x ) (3.32)
Where C L is the solute concentration in liquid and D L is the solute diusion coefcient in liquid.

The partitioning of solute in solid is given by :

∂C S ∂t = ∂ ∂x (D S ∂C S ∂y ) + ∂ ∂y (D S ∂C S ∂x ) (3.33)
Where C S is the solute concentration in solid and D S is the solute diusion coecient in solid.

The partitioning of solute in growing cells is considered as follows. In the simulation, the neighbours of a solid cell can be solid or growing. The neighbours of a liquid cell can be liquid or growing whereas the neighbours of a growing cell can be solid, liquid and even growing.

Equations (2.25) and (2.26) are used if the computing center is a solid or liquid cell. The neighbours of a solid or liquid cell may be growing. The growing cell is in semisolid state and the solute concentrations in the solid and liquid parts are C g S and C g L respectively. When the growing cell takes part in computation as the neighbour of a solid cell, the solid concentration C g S is used. When the growing cell takes part in computation as the neighbour of a liquid cell, the liquid concentration C g L is used.

When the computing center is a growing cell, regardless of the state (i.e. solid, liquid or growing) of the neighbour of the growing cell, the solute concentration of the growing cell can be expressed as an equivalent concentration C E , which is dened as :

C E = C L (1 -f S ) + C S f S = C L [1 -(1 -k)f S ] (3.34)
where f S is the solid fraction. In the extreme condition, C E is equal to C S when f S is 1, and C E equals C L when f S is zero.

Therefore, the diusion equations can be expressed by :

∂C E ∂t = ∇(D E ∇C E ) (3.35)
where C E is the equivalent concentration, which is dened by equation (2.27) and D E is the equivalent diusion coecient estimated by : The surface area can be described by the following equations :

D E = (1 -f S )D L + f S kD Sgf s
A1 = f s(i, j) * [1 -f s(i + 1, j)] * A (3.38) A2 = f s(i, j) * f s(i + 1, j) * A (3.39) A3 = [1 -f s(i, j)] * [1 -f s(i + 1, j)] * A (3.40) A4 = f s(i + 1, j) * [1 -f s(i, j)] * A (3.41)
So every part is considered. is gradient operator which can also be written as

∂C(x, t) ∂t

= - ∂J ∂x × f s(i, j) × f s(i + 1, j) - ∂J ∂x × [1 -f s(i, j)] × f s(i + 1, j) - ∂J ∂x × f s(i, j) × [1 -f s(i + 1, j)] - ∂J ∂x × [1 -f s(i, j)] × [1 -f s(i + 1, j)] (3.42) ∂C(x, t) ∂t =d l × ∂ 2 C ∂x 2 × f s(i, j) × f s(i + 1, j) + d l × d s × ∂ 2 C ∂x 2 × [1 -f s(i, j)] × f s(i + 1, j) + d l × d s ∂ 2 C ∂x 2 × f s(i, j) × [1 -f s(i + 1, j)] + dl ∂ 2 C ∂x 2 × [1 -f s(i, j)] × [1 -f s(i + 1, j)] (3.43) ∂C(x, t) ∂t =d l × C s (i + 1, j) -C s (i, j) cella 2 × f s(i, j) × f s(i + 1, j) + d l × d s × C s (i + 1, j) -C l (i, j) cella 2 × [1 -f s(i, j)] × f s(i + 1, j) + d l × d s C l (i + 1, j) -C s (i, j) cella 2 × f s(i, j) × [1 -f s(i + 1, j)] + dl C l (i + 1, j) -C l (i, j) cella 2 × [1 -f s(i, j)] × [1 -f s(i + 1, j)]
∂ ∂x i
Fick's second law describes the concentration change with time in a eld. The equation is given as :

∂φ ∂t = D ∂ 2 φ ∂x 2 i (3.46)
In the equation, t stands for time and x i means any dimension such as x, y, z, ... For microstructure simulation in CA method, Fick's second law tells that the change of solute with time in center cell is equal to the addition of ux in and out of the cell during the time.

Conservation equation

In the gure 3.23, the growing cell and its neighborhood cells in x direction are presented. The red part of cell is liquid and the blue part is solid. In the gure, fs(i,j) stands for the solid fraction of cell(i,j).The length of the cell edge are ∆x, ∆y, and ∆z, respectively. The growing velocity of interface in the cell(i,j) is V x .

In a time step, the solid volume of cell(i,j) increases V x δ(t)∆y∆z, so the solute in the cell(i,j) will decrease of V x δ(t)∆y∆z(C

(i,j) L -C (i,j) s
). Consideration with Fick's law, the conservation of solute is given by [START_REF] Wei | Numerical simulation of columnar dendritic grain growth during weld solidication process[END_REF] : Assuming C S (i, j) = kC L (i, j) at the interface, the function can be changed to :

V x δ(t)∆y∆z(C (i,j) L -C (i,j) s ) = D L ∆y∆z ∂C L ∂x -D S ∆y∆z ∂C S ∂x
V x δ(t)C L (i, j)(1 -k) = D L ∂C L ∂x -D S ∂C S ∂x (3.48) 
If the solid fraction in the neighborhood cell is considered, the conservation equations is revised as [START_REF] Nastac | Numerical modeling of solidication morphologies and segregation patterns in cast dendritic alloys[END_REF] :

V x (i, j) = D L a(1 -k) [(1 - C L (i -1, j) C * L (i, j) )f L (i -1, j) + (1 - C L (i + 1, j) C * L (i, j) )f L (i + 1, j)] + kD S a(1 -k) [(1 - C S (i -1, j) kC * L (i, j) )f S (i -1, j) + (1 - C S (i + 1, j) kC * L (i, j) )f S (i + 1, j)] (3.49) 
In y-direction, similar equation for growth velocity can be obtained :

V y (i, j) = D L a(1 -k) [(1 - C L (i, j -1) C * L (i, j) )f L (i, j -1) + (1 - C L (i, j + 1) C * L (i, j) )f L (i, j + 1)] + kD S a(1 -k) [(1 - C S (i, j -1) kC * L (i, j) )f S (i, j -1) + (1 - C S (i, j + 1) kC * L (i, j)
)f S (i, j + 1)]

(3.50)

Time increment

The increment time is computed as [START_REF] Nastac | Numerical modeling of solidication morphologies and segregation patterns in cast dendritic alloys[END_REF] :

δt = 1 5 a V max , a 2 D L , a 2 D S (3.51)

Simulation results

107 Here, a is the mesh size, V max is the maximum growth velocity of growing cell. D L is the diusion coecient of liquid and D S is the diusion coecient of solid.

Simulation results

Equiaxed dendrite grain growth

With the microstructure solidication simulation of CA model, equiaxed dendrite grain growth is simulated from a temperature history of node A. In the view of space, temperatures of all cells in the simulation zone are the same. In the view of time, temperature changes every step according to the temperature of node A. The simulation zone are all at liquid state and the nucleation is made in the center zone of the simulation zone. The cell in center of the simulation zone is growing.

As is shown in gure 3.24, a equiaxed dendrite grain growth is presented. From a small start(There are already 12 big blue cells and even more green big cells in gure 3.24 (a)), the dendrite grain grows gradually to a big equiaxed dendrite grain which take up the whole simulation zone.

The gure 3.24 proves that CA can simulate equiaxed dendrite grain growth. Another point should be noticed that equiaxed grain grows along a particular direction. In Simulation results 109 (g) Index=7 (h) Index=8 (i) Index=9

(j) Index=10 (k) Index=11 (l) Index=12 When a nucleation is made at the corner, some of its neighbour cells is out of the simulation zone. Some adjustment is taken into account so that the parameters can be supposed in the cell out of the simulation zone. In gure 3.30, two dendrite grain with dierent growth direction is presented. The evolution of temperature distribution is as the same as gure 3.24 : all the cell temperature in one step is the same, the value of the temperature is equal to the temperature of node A. With gradually drop of temperature values, two dendrite grains grows big and meet with each other. Finally, they take up the whole simulation zone.

Two dendrite grains with dierent growth directions are shown in dierent color.

The blue color is for grain with growth direction of θ = arctan(1/2) while the yellow color is for grain with growth direction of θ = arctan(-1/2). At the bottom part of the simulation zone, the blue grain takes more space, which means the solidied grain grows bigger. Because when the two dendrite meets, the competition growth happens, the key point is taken by the blue grain, so the growth of yellow grain is aected by the blue one. The result is the grain who takes the key point in the competition grows bigger. The evolution of temperature distribution is as the same as gure 3.24 : all the cell temperature in one step is the same, the value of the temperature is equal to the temperature of node A.

In gure 3.31, equiaxed dendrite grains with 12 dierent growth direction number is presented. In the gure, 12 grains at dierent points grow to big at the same velocity Chapitre 03 and nally they take up the whole simulation zone.

The grains grow smoothly with the other grains with dierent growth direction. The growth velocity are the same, just the direction is dierent. In nal result, some grains are bigger just because there are more space at the edge. As is seen in gure 3.32, a high resolution ratio is applied to the Weld Microstructure Simulation Model. Nine pixels are used for one small cell in CA. In gure 3.32(b), the competition of dendrite grain growth is presented. As we all know, the grains with the direction near the preferential growth direction grow faster than those grains whose direction are far from the preferential growth direction. As is shown in result gure, growth of some grains are depressed by grains with faster growth directions.

In gure 3.32(b), the equiaxed dendrite grain and column dendrite grain are presented. For simulation of weld, proper parameters should be measured by experiment. In this simulation, the probability of nucleation of bulk of weld is increased manually so that the equiaxed dendrite grain is obtained in the same simulation zone. In left part of gure, equiaxed dendrite grains solidied. In the middle, there are column dendrite grains. In the right, the unmelt HAZ and base metal is shown.

In gure 3.33, simulation results with coarse mesh(compared with gure 3.32) is applied to the Weld Microstructure. The temperature used here are from the simulation of the weld. The linear interpolation is used for every cell to compute their own cell temperature. With coarse mesh, similar result is obtained with coarse grains.

At the bottom part of the grue 3.33, three grains with the same growth direction grow towards the centre of weld pool. In the end, three column dendrite grains form into one big purple part in gure 3.33(c).

Chapitre 03 The computed thermal data is stored in a data le which is prepared for the mechanical analysis.

Mechanical analysis part

A predened eld introduced by reading the thermal data of thermal analysis model is used as thermal load for mechanical analysis .

With the consideration of material properties, such as elastic modulus and plasticity, the expansion behavior of the material due to temperature increase, the elastic and plastic response of the material, and the relaxation of the material at the cooling step are considered to estimate the residual stresses.

The introduction of ABAQUS models will be parted into following sections :

1. Basic material properties. The described properties are used in all the numerical simulation work.

2. Two Models with dierent geometries and mesh types. This part introduces the geometry parameters and mesh information used for laser welding simulation 

Basic material properties 4.2.1 Unit system used in ABAQUS/FEM

To introduce the material properties, one important thing should be noticed that there are no explicit unit system in ABAQUS/FEM. User can select there their favorite unit system. Usually the IS unit system based on N, m, and s is selected. But for laser welding process, the author's unit system are based on N, mm, ms. All the other important units can be derived from the basic unit system of N, mm, ms. 

Conductivity

The conductivity of material is a temperature dependent parameter, the data of conductivity is show in Table 4.2 : Table 4.2 Conductivity of model [START_REF] Seang | Evaluation numérique des contraintes résiduelles appliquée à l'acier DP600 soudé par laser de haute puissance Nd : YAG[END_REF] Conductivity (W/(m 

• • C)) Temperature ( • C)

Expansion

As shown in table 4.6, the expansion coecient is also set as a temperature dependent parameter :

Heat souce model

The shape of heat source model, Gauss heat distribution and corresponding heat source parameters are presented in gure 4.2 and in table 4.7.

Basic material properties 125 Table 4.6 Expansion coecient [START_REF] Seang | Evaluation numérique des contraintes résiduelles appliquée à l'acier DP600 soudé par laser de haute puissance Nd : YAG[END_REF] Expansion coecient Temperature (

• C) The heat diusion to environment through convection and the environment room temperature are simulated through the whole welding process and cooling process, while radiation and heat source (laser beam input energy) are only simulated at welding process.

FEM Models with dierent hardening terms

In this work, FEM welding process is simulated through ABAQUS commercial software. In ABAQUS, the plasticity constitutive model can be dened through UHARD subroutine. Three key terms need to be dened : the hardening term, the strain sensitivity term and temperature sensitivity term.

In gure 4.7, starting from the general constitutive model proposed by A. Gavrus [START_REF] Gavrus | Constitutive equation for description of metallic materials behavior during static and dynamic loadings taking into account important gradients of plastic deformation[END_REF][START_REF] Gavrus | Formulation of a new constitutive equation available simultaneously for static and dynamic loadings[END_REF][START_REF] Gavrus | Analysis of metallic materials behavior during severe loadings using a fe modeling of the shpb test based on a numerical calibration of elastic strains with respect to the raw measurements and on the inverse analysis principle[END_REF][START_REF] Gavrus | Analysis of the dynamic SHPB test using the nite element simulation[END_REF], the hardening term and one kind of hardening term shape are presented. This general constitutive model is for materials undergoing important thermomechanical gradients dynamic softening phenomenon, phase transformation described by ψ dynamic softening fraction or dual phase mixture described by principle phase fraction w. The hardening term describing plastic deformation properties of a material at xed temperature and strain rate. Based on previous experimental tests, the hardening term of dual phase steel DP600 are generated with Ludwik hardening term σ hm , Voce hardening term σ hf and a synthesis hardening term using mixture Avrami formulation of martensite and ferrite phase (where w is martensite fraction).

The inuence of material hardening term denition on nal results of residual stresses of laser welding process is studied through 5 FEM welding simulation models with dierent hardening terms. The 5 hardening terms are obtained in chapter 2 and the gure 2.7, gure 2.8, gure 2.9 and gure 2.10 are re-presented here to further discuss of FEM simulation purposes.

Chapitre 04 For the results of hardening models, one should keep in mind that the results will be revised after the temperature sensitivity is discussed. For the present, the condition In gure 4.9, starting from the general constitutive model proposed by A. Gavrus [START_REF] Gavrus | Constitutive equation for description of metallic materials behavior during static and dynamic loadings taking into account important gradients of plastic deformation[END_REF][START_REF] Gavrus | Formulation of a new constitutive equation available simultaneously for static and dynamic loadings[END_REF][START_REF] Gavrus | Analysis of metallic materials behavior during severe loadings using a fe modeling of the shpb test based on a numerical calibration of elastic strains with respect to the raw measurements and on the inverse analysis principle[END_REF][START_REF] Gavrus | Analysis of the dynamic SHPB test using the nite element simulation[END_REF], the temperature sensitivity term and its inuence on the plastic deformation properties of a material are presented. The temperature sensitivity term F(T) can inuence the magnitude of elasto-plastic ow behavior. The stress-strain curve will be inuenced by temperature. Normally, the higher the temperature is, the lower the temperature sensitivity will be. 

FEM Models with dierent strain rate sensitivity terms

In gure 4.11, starting from the general constitutive model proposed by A. Gavrus [START_REF] Gavrus | Constitutive equation for description of metallic materials behavior during static and dynamic loadings taking into account important gradients of plastic deformation[END_REF][START_REF] Gavrus | Formulation of a new constitutive equation available simultaneously for static and dynamic loadings[END_REF][START_REF] Gavrus | Analysis of metallic materials behavior during severe loadings using a fe modeling of the shpb test based on a numerical calibration of elastic strains with respect to the raw measurements and on the inverse analysis principle[END_REF][START_REF] Gavrus | Analysis of the dynamic SHPB test using the nite element simulation[END_REF], the strain rate sensitivity term and its inuence on the plastic deformation properties of a material are presented. The strain rate sensitivity term G( ε) can G( ε) = 0.8042232 × 1 + Ash 1 2 ( ε/96.077) 0.0005410×T -0.1443611

(4.6)
The reference strain rate ε = 96.077 represents the transition between static and dynamic loads. By comparing this strain rate sensitivity term with G( ε) = 1, the inuence of strain rate sensitivity term on FEM welding simulation model results of residual stresses are analyzed. Results and discussions will be presented in chapter 5.

FEM Models with dierent material anisotropy properties

The anisotropy of dual phase steel DP600 plate is generated by rolling manufacturing process. The denition of dual phase steel DP600 plate is strongly related with the rolling direction. To investigate the anisotropy of DP600 plate inuence on FEM laser welding numerical model results concerning residual stresses, the plate are cut into small pieces which have particular angles with rolling direction and then welded in experiments. Because of the high cooling rate of laser welding, the face centered cubic austensite in DP600 weld turns to body centered tetragonal martensite in solidication process.

This phase transformation phenomenon are observed in many works [START_REF] Farabi | Microstructure and mechanical properties of laser welded DP600 steel joints[END_REF][START_REF] Dong | Microstructure and dynamic tensile behavior of DP600 dual phase steel joint by laser welding[END_REF]. Due to the Chapitre 04 [22] investigated laser welding on DP600/DP980 steels. Nearly full martensite is found at FZ (Fusion Zone). The elastic constants of martensite of weld in DP600 are assumed to be the same with those of martensite steel [START_REF] Sudook | Elastic constants and internal friction of martensitic steel, ferritic-pearlitic steel, and α-iron[END_REF]. The martensitic elastic compliance are computed based on equation 4.7. If an orthotropic elastic anisotropy is considered, the martensitic elastic compliance Sij which express the relationships between the elastic strain Voigth vector and the Cauchy stress Voigth vector are computed by :

S ij = C -1 ij =         1/E 1 -ν 21 /E 2 -ν 31 /E 3 -ν 12 /E 1 1/E 2 -ν 32 /E 3 -ν 13 /E 1 -ν 23 /E 2 1/E 3 1/G 12 1/G 13 1/G 23         (4.7)
Starting from results obtained in [START_REF] Sudook | Elastic constants and internal friction of martensitic steel, ferritic-pearlitic steel, and α-iron[END_REF] the following values are taking into account to describe elastic anisotropy of the initial DP600 martensite : 

C ij =         268 
S ij =        
0.0049165 -0.0014470 -0.0014266 -0.0014470 0.0049245 -0.0014490 -0.0014266 -0.0014490 0.0049328 0.0126486 0.0127033 0.0126823

        (4.9)
In ABAQUS software by specifying nine engineering constants and the orientation according to CA computation, the martensite weld elasticity is dened. The nine input constants are in following sequence :

E 1 , E 2 , E 3 , ν 12 , ν 13 , ν 23 , G 12 , G 13 , G 23 .
In gure 4.18, the crystalline growth simulated by CA method is presented. The crystallines from the edge of the weld pool gradually grow to the center weld pool.

Because the crystallines with preferential direction grow faster than the others, some crystalline preferred orientation distribution are obtained by CA model, the general crystalline preferred orientation equal to 37.54 • with respect to welding direction. C A ij and the orthotropic elastic stiness of rotated martensite (with orientation) is in B coordinate system C B ij , orthotropic elastic stiness change inuenced by the martensite rotation in the plate plane with angle of θ is written as :

C B ij = [α ij ] -1 C A ij [β ij ] (4.10) 
The matrix of α -1 ij can be given by : Chapitre 04

[α ij ] -1 =         cos 2 θ sin 2 θ 0 0 0 2sinθcosθ sin 2 θ cos 2 θ 0 0 0 -2sinθcosθ 0 0 1 0 0 0 0 0 0 cosθ -sinθ 0 0 0 0 sinθ cosθ 0 -sinθcosθ sinθcosθ 0 0 0 cos 2 θ -sin 2 θ         (4.11)
and [β ij ] is :

[β ij ] =         cos 2 θ sin 2 θ 0 0 0 -sinθcosθ sin 2 θ cos 2 θ 0 0 0 sinθcosθ 0 0 1 0 0 0 0 0 0 cosθ sinθ 0 0 0 0 -sinθ cosθ 0 2sinθcosθ -2sinθcosθ 0 0 0 cos 2 θ -sin 2 θ         (4.12) 
In equation 4.11 and equation 4.12, θ is martensite rotation angle in plane and the direction cosines between x, y, z axials of A coordinate x A , y A , z A and x, y, z axials of B coordinate x B , y B , z B are : The inuence of weld elasticity on FEM welding simulation model results of residual stresses are analyzed. Results and discussions will be presented in chapter 5.

It can be noted that regarding all the nine elastic modulus the dierences are relatively small in this case (max 0.5%). The model permits to take into account the orthotropic elasticity and microstructure morphology obtained from the CA simulation in the case of alloys with more anisotropic elasticity sensitivity.

Chapitre 04

Chapitre 5

Numerical simulation results, experimental analysis and discussions

Mesh type

As is shown in It should be noted that before discussion of material constitutive model, a simple linear material constitutive model of DP600 steel is used for mesh type analysis. The material plasticity property are based on the work of F Ozturk [START_REF] Ozturk | Tensile and spring-back behavior of DP600 advanced high strength steel at warm temperatures[END_REF] and Ju Chen [START_REF] Chen | Behavior of high strength structural steel at elevated temperatures[END_REF].

Rectangular type of mesh transition

In Figure 5.1, the rectangular type of mesh transition is presented.

Wedge type of mesh transition

In Figure 5.2, the wedge type of mesh transition is presented. 

Model validation by experimental analysis

In the previous analysis, the material constitutive model of strain rate sensitivity and the orthotropic elastic anisotropy are found to have inuences but not very big inuences on residual stress ans strains of numerical laser welding model. So only the combination A physically based synthesis hardening model considering a mixture of ferrite softening eect (using classical Voce law) and martensite hardening eect (using classical Ludwik law) is proposed and proved to describe perfectly the plastic ow behavior of DP600 dual phase steel for large plastic strain range in order to cover numerical applications for dierent welding conditions and other dynamic forming processes. 1. Rectangular and wedge type of mesh transition are compared. Rectangular type of mesh transition is found to save more time than wedge type. Comparing with C3D8, C3D20 and C3D20R element type, C3D8R element type is found to consume less computation time.

2. The increment of mesh density in longitudinal direction increase precision of results and computation time. The increment of mesh density in thickness direction is not found obvious dierence. Finally, specimen experiments have been realized using neutrons diraction technique. Experimental data is compare with numerical results, a good accordance is found between neutrons diraction observation data and FEA model simulation results.

At the end of this research work, three interesting areas may be analyzed in the future :

1. Instead of a constant value, the martensite fraction w may be dened as a function of material position, strain, temperature and strain rate. This analysis can improve the description of DP600 material constitutive model, especially corresponding to the thermo-mechanical properties simulation during solidication process.

2. Not only dependent on temperature, the elasticity may also take into account strain rate inuence. The investigation of elasticity during laser welding process can improve the residual stresses prediction.

3. Mechanical response can be introduced in a future 3D CA model to better describe the laser welding process considering thermo-microstructure-mechanical properties evolution.

Based on the proposed synthesis hardening term H(ε The numerical simulation results of equivalent residual stresses of the model considering martensite fraction w change (green curves) are dierent with the DP600 hardening models. The results proves that using the proposed synthesis hardening term, the phase transformation inuence on residual stresses can be analyzed. If martensite in the welding area increase, the nal numerical results of equivalent residual stresses will also increase. But it should be noticed that the numerical results are not real because the martensite fraction w of welding area is not always 1. The martensite fraction w has variations during the laser weling process. So in the future research work, strain, temperature and strain rate should be considered to dene the variation of the martensite fraction w. GAVRUS [START_REF] Gavrus | Formulation of a new constitutive equation available simultaneously for static and dynamic loadings[END_REF][START_REF] Gavrus | Constitutive equation for description of metallic materials behavior during static and dynamic loadings taking into account important gradients of plastic deformation[END_REF][START_REF] Gavrus | Analysis of metallic materials behavior during severe loadings using a fe modeling of the shpb test based on a numerical calibration of elastic strains with respect to the raw measurements and on the inverse analysis principle[END_REF][START_REF] Gavrus | Analysis of the dynamic SHPB test using the nite element simulation[END_REF] écrité sous la forme : La construction du modèle a été réalisée sur le logiciel ABAQUS en plusieurs sections :

p ) = w • (σ ym + n 1 ε n 2 p ) + (1 - w) • σ y f + n 3 • [1 -exp(-n 4 ε p )]
σ yield e = σ(ε p e , ε, T) = H(ε p e ) • G( ε) • F(T) (6 
1. Propriétés du matériau de base. Ces propriétés ont été utilisées dans toutes les analyses de simulation.

2. Diérents modèles ont été testés avec diérentes géométries et types de maillage.

Cette partie présente les paramètres de géométrie et les informations de maillage utilisées pour le modèle de simulation de soudage.

3. Par ailleurs, les paramètres importants du modèle constitutif du matériau ont été intégrés dans les modèles : l'écrouissage, la sensibilité à la température, la sensibilité à la vitesse de déformation, l'anisotropie élastique et plastique. Les résultats de ces diérents modèles sont présentés en détail dans le manuscrit.

Les résultats nous ont permis de mettre en exergue l'inuence prépondérante ou pas de ces eets.

6.4.2 Résultats de simulation des modèles de soudage numérique

Ecrouissage

Les eets associés à l'inuence de l'écrouissage sont présentés sur la gure 6.11.

Le modèle modié de Ludwik montrent des diérences dans les valeurs des contraintes résiduelles équivalentes (le modèle constitutif de l'écrouissage a une petite modication : Cela indique que diérents modèles constitutifs du matériau reproductible du comportement réel observé lors des essais de traction, présentent les mêmes inuences sur la simulation des contraintes résiduelles équivalentes, surtout si aucun prise en compte de la variation de la fraction volumique de la martensite lors de la solidication.

Sensibilité à la température

Par la suite, nous avons étudié la sensibilité de la température. Diérents modèles constitutifs sont appliqués dans la simulation éléments nis de soudage laser. Les résultats sont présentés sur gure 6.12. 1. L'écrouissage : les résultats ont montré une inuence marquée de l'écrouissage sur les valeurs des contraintes résiduelles.

2. L'étude de la sensibilité à la température a également montré une inuence importante sur les contraintes résiduelles et déformation.

3. La vitesse de la déformation présente une valeur maximale des contraintes résiduelles et de la déformation tandis que les modèles ne prenant pas en compte l'inuence de la vitesse de la déformation présente des contraintes résiduelles de plus faible valeurs aux bord de la zone de soudage et une courbe plutôt stable tout au long de la zone de soudage. Dans des futurs travaux de recherche il sera étudier la dénition d'un taux de martensite variable en fonction des conditions de déformations, température et vitesse de déformation lors de l'étape de solidication après la mise en fusion lors d'un soudage laser.
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Figure 1 . 1

 11 Figure 1.1 Schematic of Nd :YAG laser oscillator

Figure 1 . 2

 12 Figure 1.2 Sketch of laser welding system

Figure 1 . 3

 13 Figure 1.3 Three focusing positions of the laser beam

Figure 1 . 4 27 1. 2 . 3

 142723 Figure 1.4 DP600 for automotive structural components

Figure 1 . 5

 15 Figure 1.5 Microstructure of dual phase DP600 steel [1]

  higher stress amplitudes, the fatigue life of DP600 is almost the same between the base metal and welded joint. Tensile fracture and fatigue failure occurred at the outer HAZ. Fatigue crack initiation was from the specimen surface and crack propagation was characterized by their characteristics.. C. Dharmendra et al. [23] investigated laser welding-brazing DP600/AA6016 with CW Nd :YAG laser. The microstructure and composition analyses of the brazed joints were examined. The micro-hardness and tensile strength were measured. The laser welding parameters were optimized based on mechanical resistance and thickness of steel seam interface.M. Xia et al.[START_REF] Xia | Eects of heat input and martensite on HAZ softening in laser welding of dual phase steels[END_REF] investigated Nd :YAG laser heat input inuence on heat aected zone (HAZ) of dual phase steels. Maximum HAZ softening was proportional to the martensite content, and the heat input controlled the completion of softening. X. Li[START_REF] Li | Novel technique for laser lap welding of zinc coated sheet steels[END_REF] advocated a technique to stabilize laser lap welding zinc coated DP600 : the technique is addition of a small amount of aluminum to the faying surface region, so that a liquid Al-Zn alloy of high boiling point is formed, thus lowering the Zn vapor Residual stresses 29 pressure. The comparison of weld surface proles and weld interface microstructures, with and without Al foil, are presented to show the good quality of Al added on plate surface.

Figure 1 . 6 For the bar at 20 •

 1620 Figure 1.6 Three orders of residual stresses[2]

Figure 1 . 7

 17 Figure 1.7 Thermal stress obtained by dilatation of a clamped bar

Figure 1 .

 1 Figure 1.8 shows the inner part and outer part of a material. At rst, the temperature of the inner part and the outer part is the same. There are no interval and no stress between inner and outer part surface. When the temperature of inner part is increased while the temperature of outer remains the same, the inner part tends to expand while the outer part tends to remain the same. The conict between the two part happens.

Figure 1 . 8 Figure 1 . 9

 1819 Figure 1.8 Inner and outer part of a material

  inner part. Corresponding to the inner part, the outer part that has the boundary attached to the inner part is plotted in gure 1.11. Due to the expansion of inner part, the outer part is deformed from state ABCD to A'B'C'D'. If the outer part has no stiness, the outer part may be pushed by inner part to the dotted shape. (The maximum volume of inner part at heated state without constrain).

Figure 1 .

 1 Figure 1.10 Sketch of inner part geometry change during heating process

Figure 1 .

 1 Figure 1.12 The balance of inner and outer part at the end of heating process

gure 1 .

 1 Figure 1.14 The stress tensor and the strain tensor

Figure 1 ( 1 . 16 )

 1116 Figure 1.15 Plasticity region

Figure 1 .

 1 Figure 1.16 The surface normal vector direction denition in a cartesian coordinate system

  .

  3. 

and equation 1 .

 1 51 plays an important role. The value of the yield eective stress σ yield e is based on experiments with respect to plastic strain, temperature and plastic strain rate. The denition of σ yield e is introduced in detail in the later subsection 1.4.6. 1.4.5.2 Anisotropic plastic ow Hill's potential function is a simple extension of the Mises function, which can be expressed in terms of rectangular Cartesian stress components as

3 .

 3 Both the yield and the back stress are equally inuenced by strain rate sensitivity and temperature sensitivity, such as the work of Cowper-Symonds model[START_REF] Cowper | Strain-hardening and strain-rate eects in the impact loading of cantilever beams[END_REF],

1. 4 . 6 . 1

 461 HardeningMixture model Based on theory of dislocations glides and starting from the mixture micro-structures formulations proposed by Avrami, the general constitutive rheological model of equation 1.89 describing the variation of equivalent yield stress σ yield e can be written for a dual-phase material in the following form :

  is subjected to a high temperature, its strength tends to drop. In laser welding process, this phenomenon has a great eect on evaluation of elasto-plastic material behavior. In order to built a ne welding model and obtain good results of residual stresses, a proper material model taking into account the temperature sensitivity is investigated. Several temperature sensitivity models are taken into account and used to analysis the welding process. A lot of scientic works dene the temperature sensitivity term F(T ) in function of the homologous temperature T * . Generally the homologous temperature T * can be dened as :

IntroductionJohnson-perature sensitivity below about 1 2

 1 Cook model About twenty years later, based on many experimental tests and phenomenological analysis, Johnson-Cook ([39]) proposed a well-founded material model which is still widely used nowadays to describe dynamic forming process. The temperature sensitivity term of Johnson-Cook model can well predict the material tem-T m but not well above. For Johnson-Cook model, T r is room temperature to dene T * in Equation 1.95.

F

  (T ) = 1 -T * m (1.100) Khan model A power function with respect to temperature T is proposed by Khan ([50]) as a temperature sensitivity model. For Khan model, T r is reference temperature, so Khan temperature sensitivity model can use dierent parameters m" with dierent temperature range. The use of dierent parameters enable the model to predict material temperature sensitivity at high temperature range.

2. 1

 1 Experiment information 2.1.1 Equipment introduction The tensile test machine Instron 3369 J9297 is presented in the gure 2.1. It is controlled by an INSTRON software in the computer. During the tensile test, the forces, displacement and corresponding time are recorded. The original experimental data are then analyzed so that force-displacement curves can be converted into true stress-strain ones. A camera is also used to observe the local deformation of the specimen during tensile loads.

Figure 2 . 1 2

 212 Figure 2.1 The INSTRON tensile test machine (50KN) 57

Figure 2 . 2

 22 Figure 2.2 Dimension of Specimen

3 . 12 7. 59 Figure 2 . 3

 3125923 Figure 2.3 The mark points of the tensile specimen 2.1.4 Rigidity of Machine during tensile tests To calculate the rigidity, 6 formula below should be considered :

Figure 2 . 4 2 .

 242 Figure 2.4 Tensile test of HSLA steel : (a) Force-displacement curve using LVDT sensor, (b) True stress-strain curve using camera measurements

Figure 2 . 5 1 Figure 2 . 6

 25126 Figure 2.5 True stress-strain curve of dual phase steel DP600 at room temperature and initial strain rate 8.33×10 -4 s -1

65 ( 2 . 13 )

 65213 2, identied Modied Ludwik model has the form : σ yield e (ε p ) = 400 + 1690ε 0.5 p -1240ε p -As can be seen in gure 2.7, Classical Ludwik model 01" correspond to the classical form (equation 2.11) and Modied Ludwik model" becomes only a mathematical improvement of the Ludwik one. It is important to note that the addition of the linear term n 3 ε p + n 4 " in Equation2.12 permits to t more accurately the experimental data but has not any physical meaning. The straight line is used to corresponding to small plastic strain values of the obtained non-linear regression curve.

Figure 2 . 7

 27 Figure 2.7 Comparison of Ludwik model and experimental DP600 data

8 ,

 8 Classical Voce model 01" is the original form of Voce law and Modied Voce model" only a mathematical improvement form of the classical Voce equation. The addition of the linear term n 3 ε p " in equation 2.15 permits to obtain a best t of the original experimental data. This mathematical improvement is not based on the physical mechanisms characterizing the material plasticity and of the real mechanical behavior of hardness martensite / softening ferrite mixture, but can be regarded as a rst approximation if an equal repartition of two phases is considered.

Figure 2 . 8

 28 Figure 2.8 Comparison of Voce model and experimental DP600 data

  According to the above considerations, only mathematical improvements of classical hardening laws to t more accurately the experimental data are generally not physically based on material microstructure or plastic phenomena. Since DP600 is a dual phase material containing both martensitic and ferritic phases, a proper and physical rheological hardening model should be dened. Starting from general constitutive model proposed by A. GAVRUS[START_REF] Gavrus | Constitutive equation for description of metallic materials behavior during static and dynamic loadings taking into account important gradients of plastic deformation[END_REF][START_REF] Gavrus | Formulation of a new constitutive equation available simultaneously for static and dynamic loadings[END_REF][START_REF] Gavrus | Analysis of metallic materials behavior during severe loadings using a fe modeling of the shpb test based on a numerical calibration of elastic strains with respect to the raw measurements and on the inverse analysis principle[END_REF][START_REF] Gavrus | Analysis of the dynamic SHPB test using the nite element simulation[END_REF], neglecting any phase transformation or dynamic phenomena (i.e. ψ = 0), using a hardening term σ h dened by a mixture Avrami formulation with a classical Voce model describing the ferritic recovery and introducing the material fraction w to dene Ludwik hardening of martensitic phase, a synthesis model is proposed as presented in section 1.4.6.1 (equation 1.94) to dene the hardening function H(ε p ) and to express the equivalent stress in the following form :

18 )

 18 This proposed synthesis model is a mixture of the Classical Ludwik model 02 and the Classical Voce model 02 dening respectively hardening of martensite and recovery of ferrite.The Classical Ludwik model 02 is given by :
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 6529 Figure 2.9 Comparisons of rheological models and experimental DP600 data

Figure 2 .

 2 Figure 2.10 Comparison of rheological models and experimental DP600 data
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 29 Synthesis of DP600 temperature sensitivity models As is seen in gure 2.11, the thermal soften fraction is presented with dierent temperature sensitivity models by setting F(T room ) = 1. The Johnson-Cook model and the Khan model can be suitable from room temperature to about 800 K, but not appropriate above 800 K. The Chen model and the proposed model are near to experiment data except for the data around 1000 K. The proposed model and the polynomial expression describe precisely the experimental data.

Figure 2 .

 2 Figure 2.11 Temperature dependence of experiment data and simulation models
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 34 Polynominal temperature sensitivity model To precisely describe the temperature sensitivity model of high strength steel, two polynominal temperature functions are used with parameters of :

Figure 2 .

 2 12, the temperature sensitivity F(T ) computed by dierent models are presented. The linear model, Johnson-Cook model and Khan model can be suitable from room temperature to about 700 K, but not appropriate above 700 K. The proposed model and Chen model are near to experiment data from room temperature up to 1100 K.
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 2 Figure 2.12 Temperature sensitivity of experiment data and simulation models 2.2.3 Strain rate sensitivity 2.2.3.1 The hardening term for hot rolled DP600 steel

Figure 2 .

 2 Figure 2.13 True stress-strain curves obtained at dierent strain rate at room temperature

Figure 2 .

 2 Figure 2.14 The hardening model describing DP600 dual phase steel plastic behavior

73 Figure 2 .

 732 Figure 2.15 Comparison between experimental data and simulation results of DP600 ow stress at room temperature 20 • C

Figure 2 .

 2 Figure 2.16 The plastic ow stress of DP600 dual phase steel at dierent temperatures and strain rates

Figure 2 .

 2 Figure 2.17 The comparison between experimental data from literature [3] and simulation results of DP600 dual phase steel general constitutive model

Figure 2 .

 2 Figure 2.19 Yield surface predicted by Hill48 anisotropic model and Von Mises criterion

  Neutron diraction observation79 point 2mm below up surface. The material is has a material rolling orientation that have 30 • with transversal path. The results obtained by neutron diraction are presented in gure 2.20.
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 2 Figure 2.20 The computed results of residual stresses based on neutron diraction method
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 31 Figure 3.1 A cell in analysis zone

  , mould and base metal

Figure 3 . 2

 32 Figure 3.2 The bulk and the mould wall of the weld

Chapitre 03 Figure 3 . 3

 0333 Figure 3.3 States of a growing grain

Parameters 85 Figure 3 . 4

 8534 Figure 3.4 The growth direction angle θ

Figure 3 . 5 Figure 3 .x n+1 5 .Figure 3 .

 35353 Figure 3.5 The direction of the grain
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 53837 Figure 3.8 Two types of neighborhood of Cellular Automaton
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 39 Figure 3.9 Rule for state change

First in gure 3 .Figure 3 .

 33 Figure 3.10 Rule of grain growth

7 :Figure 3 .

 73 Figure 3.11 owchart of the microstructure evolution model

Figure 3 .

 3 Figure 3.12 Conical heat source with Gaussian distribution The model can be described by the following mathematical function :

  Microstructure simulation of weld solidication 93During the 2D CA simulation, the temperature of every cell of every step is computed from the results of ABAQUS. The ABAQUS temperature simulation result is cut to many small parts and one of the small part is used by CA model to reduce the computing times. The whole weld zone and its heat aected zone is too large to compute. To get rid of the long time run in computer, a small zone selected for Cellular Automaton is depicted in gure 3.13. The ABCD zone is meshed by 300 × 313 cells, and each cell is displayed by a pixel.

Figure 3 .

 3 Figure 3.13 Selected zone for calculating

Figure 3 . 03 3. 9 . 3

 30393 Figure 3.14 The history temperature of node A

  T i is the temperature of the node of the ABAQUS element. N is the number of used node for simulation. If the four node A, B, C, D are used, then N = 4 ; if node A, B, C, D and node E, F, G, H, O, P, Q, R are used, then N = 12.

Figure 3 .

 3 Figure 3.15 The schematic of distance weighting factor

  (a) and (c). So a revised method is used for temperature estimation.Microstructure simulation of weld solidication 95 3.9.4 Linear Interpolation for cell temperature estimationIn laser welding, the temperature gradient is very important, so there is a huge dierence of temperature history between the outer square nodes E,F,G,H,O,P,Q,R and nodes A,B,C,D. If used in calculation the cell temperature, the outer square nodes will have a very strong inuence. Thus, the revised method only use A,B,C,D four node data to compute the district of ABCD.

Figure 3 .

 3 Figure 3.16 The schematic of linear interpolation First, the temperatures of the edge, T (i,0) and T (i,n) are computed.

Figure 3 1

 31 Figure 3.17 Temperature distribution

2

 2 The position of the nucleationThe nucleation position is chosen among all of the remaining liquid cells at random. The nucleation probabilities for liquid cells located in the bulk of the liquid and at the surface of the mold ( dp e and dp c ) to nucleate during each time step are given by dp e = δN e

Figure 3 .

 3 Figure 3.19 The sketch of parameters used in solid fraction computation

Figure 3 .

 3 Figure 3.20 Model of concentration in single cell

  In Left cell, top part is solid and base part is liquid. In the right cell, the back part is viewed as solid and the front part is viewed as liquid.

Figure 3 .Figure 3 .

 33 Figure 3.21 Schematic diagram of cells contact

Figure 3 .

 3 Figure 3.22 Schematic diagram of cells contact

  Growth velocity of the interface 3.15.1 Fick's laws of diusion Fick's laws of diusion is rst developed by Adolf Fick in 1855. The Fick's laws describe diusion behavior. Fick's rst law provide a relationship between diusive ux and the concentration gradient under steady state. Fick's second law describes the concentration eld evolution with time. Fick's rst law assumes that diusive ux goes from a area of high concentration to a area of low concentration and the diusive rate of ux is proportional to the concentration gradient : J = -D φ (3.45) In the equation, J stands for diusive ux. Diusive ux means the amount substance goes through an unit area at an unit time. For the microstructure simulation in this work, the unit of diusive ux J can be wt% m 2 •s D is the diusion coecient with a unit of m 2 s φ means the amount of substance per unit volume, in this work, unit is wt% m 3

Figure 3 .

 3 Figure 3.23 Growth velocity of the interface in a cell

gure 3 .

 3 [START_REF] Li | Novel technique for laser lap welding of zinc coated sheet steels[END_REF], the direction has a angle θ = arctan1/2 with x-direction.

Figure 3 .

 3 Figure 3.24 The growth of equiaxed dendrite grain 3.18.2 Equiaxed dendrite grain of 48 directions In gure 3.25, the equiaxed dendrite grain with 12 direction index of 48 directions are presented.
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 3 Figure 3.25 The equiaxed dendrite grain of dierent directions

Figure 3 .

 3 Figure 3.26 The growth of column dendrite grains

Figure 3 .

 3 Figure 3.27 shows two nuclei growth. At the beginning, two nuclei are set in the liquid.The nuclei grow gradually to take up the whole screen. The evolution of temperature distribution is as the same as gure 3.24 : all the cell temperature in one step is the same, the value of the temperature is equal to the temperature of node A. The temperature of node A is computed from ABAQUS. Because the temperature is the same in all direction, the equiaxed dendrite grain grows in rotational symmetry along four direction.

Figure 3 .Figure 3 .

 33 Figure 3.27 proves that two dendrites grains grow well with each other, they grow normally when the two grains meet each other. The calculation rule at the edge of the dendrite grain is used in the microstructure solidication model. The CA cells changed their state and parameters normally according to the calculation rule.

Figure 3 .Figure 3 .

 33 Figure 3.28 shows that the nuclea at the corner grows well to the whole simulation zone, it grows normally at the edge of the simulation zone. The calculation rule at the edge of the simulation zone is used in the microstructure solidication model. The CA cells changed their state and parameters normally according to the calculation rule.
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 3 Figure 3.29 Nucleation at the corner

Figure 3 .

 3 Figure 3.30 Equiaxed grain competition growth of two directions

Figure 3 .

 3 Figure 3.31 Grains with dierent growth direction growth at the same speed

Figure 3 .

 3 Figure 3.32 Weld Microstructure Simulation of ne mesh

Figure 3 .

 3 Figure 3.33 Weld Microstructure Simulation with coarse mesh

Figure 3 .Figure 3 . 4 Finite 1 .

 3341 Figure 3.34 Dendrite morphology of 2D simulation and experimental SEM observation

3 .

 3 Important terms of material constitutive model. Several terms are introduced in detail. The information of hardening, temperature sensitivity, strain rate sensitivity, elastic and plastic anisotropy via dierent welding numerical models are introduced in detail.

6

 6 Plastic property A simple linear material constitutive model of DP600 steel is used based on the work of F Ozturk [78] and Ju Chen [57]. The plastic property of DP600 steel is plotted in gure 4.1. This material constitutive model is only used for mesh type, mesh density and boundary condition analyses. Analyses of material constitutive model of hardening, temperature and strain rate sensitivity use nonlinear material constitutive model identied in chapter 2 and describe in the following part.

Figure 4 . 1

 41 Figure 4.1 Linear material constitutive model of DP600 steel

1. 2 × 10 Figure 4 . 2 Figure 4 . 5

 2104245 Figure 4.2 The shape of heat source and Gauss heat distribution
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 4645 Figure 4.6 Boundary conditions of mechanical analysis model using B geometry

Figure 4 . 7

 47 Figure 4.7 Hardening term of material constitutive model

Figure 4 . 8

 48 Figure 4.8 Hardening models used in FEM laser welding simulation models

F

  (298K)=1 and F(1803K)=0.05 are used with a Johnson-Cook temperature sensitivity model. It can be noted also here that a constant martensite fraction is used. The strain rate sensitivity term G( ε) = 1 is used in order to focus the behavior analysis on hardening inuence. In future work, the martensite fraction w during the solidication should be considered dependent on the temperature in the range of fusion temperature T f and ambient temperature T 0 using a variation w(T) obtained from solid fraction computation of CA model. According to G( ε) = 1, the proposed synthesis model 02 is written in the form : H(ε p e ) = w • (400 + 3411.28ε 0.6014 p ) + (1 -w) • {400 + 234.40 • [1 -exp(-27.1092ε p )]} where identication has made for w=0.2. By comparing the modied Ludwik model, the modied Voce model and the proposed synthesis model 02, the inuence of constitutive equation form on FEM welding simulation results of residual stresses is evaluated. By comparing the classical Ludwik model 02, the classical Voce model 02 and the proposed synthesis model 02, the inuence of hardening term in the plastic strain range of laser welding on residual stresses of FEM are studied. Results and discussion will be presented in chapter 5. Chapitre 04 4.7 FEM Models with dierent temperature sensitivity terms

Figure 4 . 9 Figure 4 .

 494 Figure 4.9 Temperature sensitivity term of material constitutive model
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 43 Polynomial temperature sensitivity term : 295.15K < T < 993.15K :F (T ) = 1.55 -3.50 × 10 -3 • T + 7.00 × 10 -6 • T 2 -4.82 × 10 -9 • T 3 (4.4) 993.15K < T < 1213.15K : F (T ) = 5.18 -7.83 × 10 -3 • T + 2.30 × 10 -6 • T 2 + 5.35 × 10 -10 • T 3 (4.5)Johnson-Cook temperature sensitivity term is similar with polynomial temperature sensitivity term at low temperature but have obvious dierence at high temperature Chen and proposed temperature sensitivity model both have dierence at low and high temperature with polynomial temperature sensitivity model. The inuences of temperature sensitivity dierence on FEM welding simulation results of residual stresses are investigated. Results and discussions will be presented in chapter 5.

Figure 4 .

 4 [START_REF] Kuang | Eect of continuous annealing parameters on the mechanical properties and microstructures of a cold rolled dual phase steel[END_REF] illustrates the cutting method.
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 44 Figure 4.13 The specimens cut with dierent angles on dual phase steel DP600 plate

Cellular Automaton -Finite Element coupling 137 Figure 4 .

 1374 Figure 4.15 The CA simulation position in ABAQUS/FEM model

Figure 4 .

 4 Figure 4.16 Temperature history data of 4 points

Figure 4 .

 4 Figure 4.17 The owchart of CA-FE model used to simulate residual stresses

  (a) 206 CA step (b) 721 CA step (c) 1774 CA step

Figure 4 .

 4 Figure 4.18 Dendrite grains growth simulation obtained by the CA model

Figure 5 . 1 and

 51 Figure 5.2, the lap joint is meshed. The fusion zone are meshed with the maximum mesh density due to big temperature gradient. Except for the fusion zone(HAZ zone and base metal zone), transition mesh are used to diminish the computation time. The rectangular model use a rectangular type of mesh transition (Figure 5.1) while wedge model use a wedge type of mesh transition (Figure 5.2). The weld of the rectangular model and the wedge model both are of 50mm length in longitudinal direction and meshed to 40 equal parts with 1.25mm for each part. The two models both have one transition layer. The eciency of the two type transition layers are investigated.

Chapitre 05 Figure 5 . 3

 0553 Figure 5.3 Comparison of computation time between wedge type and rectangular type

Figure 5 . 4

 54 Figure 5.4 Comparison of computation time of dierent element type model

  of temperature models 2layers, 3layers, and 4layers, the uctuation of the temperature of molten pool are drawn in gure 5.8. The temperature model 2layers has 54 intervals, 3layers 162 intervals, and 4layers 486 intervals. With the number of layers increase, meaning the mesh size decrease, the uctuation of temperature decrease.
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 58 Figure 5.8 Numerical results of temperature range of melting pool heated by laser
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 595551 Figure 5.9 The maximal residual stress of models with dierent layers
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 532 Figure 5.13 Three lines xed in thickness direction
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 5 Figure 5.14 Equivalent stress along weld longtitudinal path In Figure 5.15, mises stress along transversal path are presented. The mises stress along transversal path of Model boundary01", boundary02", and boundary03" are nearly the same.
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 5 Figure 5.15 equivalent stress along transversal path
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 5 Figure 5.16 σ 11 along weld longitudinal path
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 517 Figure 5.17σ 11 along transversal path

  Figure 5.17σ 11 along transversal path
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 5 Figure 5.18 σ 22 along weld longitudinal path In Figure 5.19, σ 22 along transversal path are presented. The transversal residual stress σ 22 along transversal path of Model boundary01", boundary02", and boun-dary03" are nearly the same.
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 554 Figure 5.19 σ 22 along transversal path
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 5 Figure 5.20 The distribution of equivalent residual stresses of welding simulation with dierent hardening models
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 55555 Figure 5.22 The distribution of σ 11 residual stresses of welding simulation with dierent hardening models
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 5 Figure 5.34 The distribution of p residual strains of welding simulation with dierent hardening models
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 555 Figure 5.37 The magnitude of equivalent residual stresses of welding simulation models with 4 dierent temperature sensitivity terms
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 5 Figure 5.42 The distribution of e 11 elastic strains of welding simulation with 4 dif-

  (a) Along welding longitudinal path (b) Along welding transversal path
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 5 Figure 5.43 The magnitude of e 11 elastic strains of welding simulation models with 4 dierent temperature sensitivity terms
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 5556 Figure 5.45 The magnitude of e 22 elastic strains of welding simulation models with

  (a) Johnson-Cook temperature sensitivity model (b) Chen temperature sensitivity model (c) Proposed temperature sensitivity model (d) Polynomial temperature sensitivity model
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 55 Figure 5.46 The distribution of p 11 plastic strains of welding simulation with 4 dierent temperature sensitivity terms

  (a) Johnson-Cook temperature sensitivity model (b) Chen temperature sensitivity model (c) Proposed temperature sensitivity model (d) Polynomial temperature sensitivity model
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 55 Figure 5.48 The distribution of p 22 plastic strains of welding simulation with 4 dierent temperature sensitivity terms
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 5 Figure 5.50 The distribution of p eective plastic strains of welding simulation with 4 dierent temperature sensitivity terms
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 556 Figure 5.51 The magnitude of p eective plastic strains of welding simulation models with 4 dierent temperature sensitivity terms
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 5 Figure 5.52 The distribution of equivalent residual stresses of welding simulation models with and without strain rate inuence
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 5562 Figure 5.53 The magnitude of equivalent residual stresses of welding simulation models with and without strain rate inuence
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 5 Figure 5.54 The distribution of σ 11 residual stresses of welding simulation models with and without strain rate inuence

Figure 5 . 5 . 6 . 3

 5563 Figure 5.55 The magnitude of σ 11 residual stresses of welding simulation models with and without strain rate inuence
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 5 Figure 5.56 The distribution of σ 22 residual stresses of welding simulation models with and without strain rate inuence
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 5 Figure 5.57 The magnitude of σ 22 residual stresses of welding simulation models with and without strain rate inuence
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 5 Figure 5.58 The distribution of e 11 elastic strains of welding simulation models with
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 5565 Figure 5.59 The magnitude of e 11 elastic strains of welding simulation models with

  (a) Model without strain rate inuence (b) Model with strain rate inuence
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 5 Figure 5.60 The distribution of e 22 elastic strains of welding simulation models with
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 5566 Figure 5.61 The magnitude of e
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 5 Figure 5.62 The distribution of p 11 plastic strains of welding simulation models with
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 5567 Figure 5.63 The magnitude of p 11 plastic strains of welding simulation models with
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 5 Figure 5.64 The distribution of p 22 plastic strains of welding simulation models with
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 5 Figure 5.65 The magnitude of p
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 5 Figure 5.70 Contour of residual stresses with dierent material rolling orientations
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 55 Figure 5.72 The distribution of equivalent residual stresses of welding simulation models with material anisotropy of θ = 0 • , 30 • , 45 • , 60 • , 90 • and isotropic material
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 5 Figure 5.74 The distribution of equivalent residual stresses of welding simulation models with all DP600 base metal and with weld material orientations along welding direction and obtained by CA model

Figure 5 .Figure 5 .

 55 Figure 5.77 The magnitude of equivalent residual stresses of welding simulation models with all DP600 base metal and with weld material orientations along welding direction and obtained by CA model of hardening, temperature sensitivity and plastic anisotropy material constitutive model are used in numerical laser welding simulation. The FEM model information can be found in chapter 4.6 with proposed synthesis model, proposed temperature sensitivity and material anisotropy dened by Hill theory. The material is assigned a material rolling orientation that have 30 • with transversal path. In gure 5.78, along the transversal path of weld, experimental and numerical results of residual stresses variations with the dierent material orientations are shown. The residual stresses of σ 11 and σ 22 are measured by Neutron Diraction method along transversal path. The simulation results show a good accordance with experiment measurements.
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 358 Dierent boundary conditions of three clamping distances are simulated. The equivalent, σ 11 and σ 22 residual stresses along welding longitudinal and transversal path are compared. The equivalent residual stress along welding longitudinal path is found to be more stable with a small clamping distance. The simulation results of σ 11 and σ 22 is smaller with a small clamping distance. 4. In the analysis of hardening constitutive model, the modied Ludwik model have dierent simulation results of residual stresses and strains due to a small modication (a straight line is added). Hardening models identied for DP600 steel are applied in FEM welding simulation, results of equivalent residual stresses, σ 11 , σ 22 , e p are compared and similar welding residual stresses and strains are obtained. A small dierence of material hardening constitutive model is found to result in a big dierence on simulation results. Dierent DP600 steel constitutive models can have similar numerical simulation results of residual stresses and strains. Martensite hardening behavior using classical Ludwik model 03 is applied in numerical simulation model and the simulation results are dierent from those results of models with DP600 hardening models. Four temperature sensitivity models identied for DP600 steel are applied in FEM welding simulation, results of equivalent residual stresses, σ 11 , σ 22 , e 11 , e 22 , p 11 , p 22 and p are compared. The Chen, proposed and polynomial temperature sensitivity models which describe well of DP600 temperature sensitivity behavior are found to have similar simulation results of residual stresses and strains. The classical Johnson-Cook temperature sensitivity model which have some differences with the former three models at high temperature are found to higher equivalent residual stresses and equivalent residual strains. By comparing with results in the analysis of DP600 steel hardening, temperature sensitivity is found to have important inuence on numerical simulation results of residual stresses and strains. 6. Models with and without considering strain rate inuence on DP600 steel plastic material constitutive model are simulated and results of equivalent residual stresses, σ 11 , σ 22 , e are compared. Model with considering strain rate inuence presents a peak value of residual stress and strain while model without considering strain rate inuence presents a stable curve along welding longitudinal path. 7. Models considering DP600 steel plastic anisotropy are simulated and results of equivalent residual stresses and p are compared and found inuenced by aniso- tropy. When the angle between rolling and welding direction is 45 • , the residual General Conclusions 201 stresses around weld is found the highest. When the angle between rolling and welding direction is 90 • , the residual stresses around weld is found the lowest. The material rolling orientation inuence the magnitude of longitudinal and transversal residual stresses. Models considering DP600 steel orthotropic elastic anisotropy are simulated and results of equivalent residual stresses and p are compared. Simulation results of stresses and strains are found dierent. For this material and laser welding conditions, considering orthotropic elastic anisotropy with microstructure orientations is found to increase residual stresses and strains of welding FEM simulation results, though not much.

  by using equation 2.41 and considering the variation of martensite volume fraction w, the material constitutive model is dened with the w value setting to 1 at welding area and decrease to 0.2 at the base metal.In the gure 5.79, the magnitude of equivalent residual stresses of welding simulation considering martensite volume fraction w change is presented and compared with results of other hardening models.General Conclusions(a) Martensite fraction w value change along welding transversal path (b) Equivalent residual stresses along welding longitudinal path (c) Equivalent residual stresses along welding transversal path

Figure 5 .

 5 Figure 5.79 The magnitude of equivalent residual stresses of welding simulation considering martensite volume fraction w change

Chapitre 6 Résumé

 6 détaillé -Étude numérique et expérimentale des contraintes résiduelles générées lors du soudage laser sur des plaques d'acier dual phase DP600 6.1 Introduction Le laser Nd : YAG a d'abord été inventé par J. E. Geusic et al. dans les laboratoires de Bell dans les années 1960[START_REF] Je Geusic | Laser oscillations in nd-doped yttrium aluminum, yttrium gallium and gadolinium garnets[END_REF]. Depuis lors, il est largement utilisé dans les procédés de fabrication dans l'industrie grâce à sa polyvalence et à l'utilisation de bres optiques.Pour l'acier, le laser est devenu incontournable grâce au coecient élevé d'absorption de chaleur pour ce type de matériau.Pour répondre aux problèmes de crise énergétique et d'environnement, des matériaux comme les aciers de haute résistance ou haute limite d'élasticité (THR, HLE) sont utilisés dans de nombreuses industries, en particulier l'automobile, an de réduire le poids des voitures[START_REF] Davies | Materials for automobile bodies[END_REF]. Notre étude porte sur le soudage laser des plaques de l'acier DP 600. DP signie que l'acier est à dual phase (martensite + ferrite) et la série 600 signie que la résistance à la traction est supérieure à 600 MPa. C'est un acier à faible teneur en carbone avec une matrice ferritique ductile contenant une deuxième phase fragile, dont la forme se distingue principalement par des îles de martensite (3 % -30 %)[START_REF] Calcagnotto | Deformation and fracture mechanisms in ne-and ultrane-grained ferrite/martensite dual-phase steels and the eect of aging[END_REF].Les contraintes résiduelles sont des "contraintes internes auto équilibrantes" existant dans un corps libre sans contraintes extérieures ni contraintes sur les limites. Les contraintes résiduelles produites dans le processus de soudage au laser peuvent aecter le comportement mécanique et le comportement en corrosion des pièces soudées. L'évaluation des contraintes résiduelles est donc fondamentale pour assurer la performance d'un 203 204Résumé détaillé -Étude numérique et expérimentale des contraintes résiduelles générées lors du soudage laser s produit, notamment la tenue en service (fatigue). Dans ce sens, le procédé de soudage reste encore un processus complexe : tous les eets ne sont pas encore maîtrisés.

Figure 6 . 1

 61 Figure 6.1 Figure de l'évolution du matériau lors du processus de soudage

. 1 )Chapitre 2 :

 12 Données expérimentales concernant le comportement thermo-mécanique de DP600205 avec H(ε p e ) = w • σ martensite-Ludwik + (1 -w) • σ ferrite-Voce (w -fraction volumique de la martensite).6.2.1 ÉcrouissageUn essai de traction de l'échantillon de l'acier dual phase DP600 est eectué à température ambiante et à la vitesse de déformation initiale de 8.33×10-4 s -1 le long de la direction longitudinale (0 • ).

Figure 6 . 2 48 p( 6 . 2 )( 6 . 3 ) 2 Figure 6 . 3 5 ( 6 . 5 ) 5 ( 6 . 6 )( 6 . 7 )

 6248626326356556667 Figure 6.2 La courbe plastique de l'acier dual phase DP600 à température ambiante et la vitesse de déformation initiale de 8.33×10 -4 s -1

(6. 8 )

 8 Les courbes de sensibilité à la température correspondantes sont tracées sur la gure 6.4.

Chapitre 2 :Figure 6 . 4

 264 Figure 6.4 Dépendance à la température des données expérimentales et des modèles de simulation

Figure 6 . 5

 65 Figure 6.5 Les courbes plastique de l'acier dual phase DP600 à température diérentes et la vitesse de déformation diérentes

Figure 6 . 6 6 . 2 . 5

 66625 Figure 6.6 Surface de uage prédite par le modèle anisotropique Hill48 et le critère Von Mises

Figure 6 . 7

 67 Figure 6.7 The owchart of CA-FE model used to simulate residual stresses

  Pour simuler en général la croissance des grains de dendrite, un modèle 2D d'automate cellulaire (CA) a été développé en particulier en ce qui concerne la phase martensitique obtenue à partir du processus de solidication de l'acier dual phase DP600. Les résultats sont présentés dans chapitre 3.Un modèle numérique 2D a été construit et programmé. Le champ de température du modèle CA est importé à partir d'un modèle d'analyse par éléments nis. La fonction d'analyse de la nucléation, de la fraction solide, de la concentration à l'interface solide/liquide, de l'anisotropie, de la tension supercielle, de la diusion, de la vitesse de croissance à l'interface S/L a été étudiée. Les équations de conservation sont présentées en détail selon la séquence de la gure 6.8.
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 68 Figure 6.8 Ordinogramme du modèle d'évolution de la microstructure

Figure 6 . 9 Figure 6 .

 696 Figure 6.9 Simulations numériques de la microstructure par modèle CA

Chapitre 4 et 5 :

 5 ABAQUS/FEM modèles, résultats de simulation et résultats expérimentaux213 (a) Modèle synthèse proposé (b) Le long du chemin longitudinal de soudure (c) Le long du chemin transversal de soudure

Figure 6 .

 6 Figure 6.11 La répartition des contraintes résiduelles équivalent de simulation de soudage avec 5 modèles de ecrouissage diérents

  214Résumé détaillé -Étude numérique et expérimentale des contraintes résiduelles générées lors du soudage laser s (a) Modèle proposé de sensibilité à la température (b) Le long du chemin longitudinal de soudure (c) Le long du chemin transversal de soudure

Figure 6 .

 6 Figure 6.12 La répartition des contraintes résiduelles équivalent des modèles de simulation de soudage avec 4 termes de sensibilité à la température diérents

Figure 6 .

 6 Figure 6.13 La répartition des contraintes résiduelles équivalent des modèles de simulation de soudage avec et sans inuence de la vitesse de contrainte

Figure 6 .

 6 Figure 6.14 La répartition des contraintes résiduelles équivalentes des modèles de simulation de soudage avec une anisotropie matérielle de θ = 0 • , 30 • , 45 • , 60 • , 90 • et matériel isotrope

Figure 6 .

 6 Figure 6.15 La répartition des contraintes résiduelles équivalentes des modèles de simulation de soudage avec tous les métaux de base DP600 et avec des orientations de matériau de soudure le long de la direction de soudage et obtenues par le modèle CA

Figure 6 .

 6 Figure 6.16 Comparaison entre les contraintes résiduelles expérimentales et numériques

  4. L'étude de l'angle entre la direction de laminage et la direction de soudure a mis également en évidence l'importance de l'orientation de la tôle. Lorsque l'angle Conclusion 219 est de 45 • , les contraintes résiduelles autour de la soudure sont les plus élevées. Lorsque l'angle entre le sens de roulement et de soudure est de 90 • , les contraintes résiduelles autour de la soudure sont les plus faibles. L'orientation du laminage du matériau inue le niveaux des contraintes résiduelles aussi bien les contraintes résiduelles longitudinales que transversales. 5. L'anisotropie élastique orthotropique qui prend en compte l'orientation des grains dont la fraction volumique, obtenue grâce au modèle numérique 2D CA, a peu d'inuence sur les contraintes résiduelles. Ce résultat était attendu car la zone soudée est très peu texturée. 6. Enn, les résultats expérimentaux et ceux obtenus par le couplage des deux modèles CA/FEM ont montré de bonnes convergences et permet de conrmer la robustesse générale du modèle numérique de simulation du procédé de soudage laser.À la n de ce travail de recherche, trois domaines intéressants peuvent être analysés à l'avenir : Au lieu d'une valeur constante, la fraction de martensite w peut être dénie en fonction de la position du matériau, de la déformation, de la température et de la vitesse de déformation. L'élasticité peut prendre en compte l'inuence de la température et de la vitesse de déformation.Une réponse mécanique peut être introduite dans un futur modèle CA 3D pour mieux décrire le processus de soudage laser en considérant l'évolution des propriétés thermo-microstructure-mécanique.Sur la base du terme d'écrouissage de la loi de synthèse proposée H(εp ) = w • (σ ym + n 1 ε n 2 p ) + (1 -w) • σ y f + n 3 • [1 -exp(-n 4 ε p )] partantd'un modèle constitutif général (équation 1.89 et 1.90) une variation du taux de martensite peut être prise en compte par exemple avec une valeur w de 1 à dans la zone de soudage et diminue à 0.2 au niveau du métal de base. Les contraintes résiduelles équivalentes sont présenté dans la gure 6.17. 220Résumé détaillé -Étude numérique et expérimentale des contraintes résiduelles générées lors du soudage laser s (a) Changement de fraction de la martensite w le long du chemin transversal de soudure (b) Contraintes résiduelles équivalentes le long du chemin longitudinal de soudure (c) Contraintes résiduelles équivalentes le long du chemin transversal de soudure

Figure 6 .

 6 Figure 6.17 Les contraintes résiduelles équivalentes de la simulation de soudage en tenant compte de la changement de fraction de martensite volumique
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  σ 11 σ 12 σ 13 σ 12 σ 22 σ 23 σ 13 σ 23 σ 33

							Introduction
	1.4.2 Von Mises eective stress and eective strain
	Strain tensor in equation 1.11 and stress tensor in equation 1.12 each have 6 com-
	ponents of dierent values, respectively. These values provide the material mechanical
	state under certain circumstances.			
	To simplify the analysis, a lot of multiaxial yield laws are proposed and among them
	the most commonly used is the Von Mises criteria. The Von Mises eective stress or the
	equivalent stress is calculated as follows :		
	σ e = =	1 2 [(σ 11 -σ 22 ) 2 + (σ 22 -σ 33 ) 2 + (σ 33 -σ 11 ) 2 + 6(σ 2 23 + σ 2 31 + σ 2 12 )] 3 2 (s 2 11 + s 2 22 + s 2 33 + 2σ 2 23 + 2σ 2 12 ) 31 + 2σ 2	(1.13)
	where s is the deviatoric stress term.		
	The Von Mises innitesimal eective plastic strain or equivalent plastic strain is
	computed by :				
		dε p e = 2 3 (dε p 11	2 + dε p 22	2 + dε p 33	2 + 2dε p 23	2 + 2dε p 31	2 + 2dε p
								σ 11	σ 12 σ 13	
					 =		σ 22 σ 23		(1.12)
							symm.	σ 33

  3 , three Poisson's ratios ν 12 , ν 13 , ν 23 and three shear moduli G 12 , G 13 , G 23 associated with the material's principal directions.

		σ 11
	      	σ 22 σ 33 σ 12 σ 13
		σ 23
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	3 Direction cosines between two coordinate axises
			x	y	z
		1	l 1 m 1 n 1
		2	l 2 m 2 n 2
		3	l 3 m 3 n 3
	Transition of stresses in dierent coordinate systems Stresses σ ij [S]	in coor-
	dinate system [S] and σ ij [K]	in [K] can be written as :

Table 1 .

 1 4 Direction cosines values in plane rotation with angle θ

	x	y	z
	1		

  R 11 , R 22 , R 33 , R 12 , R 13 ,and R 23 are anisotropic yield stress ratios ; and τ yield

			L =	3 2	(	τ yield e σ 23	) 2 =	3 23 2R 2	(1.58)
			M =	3 2	(	τ yield e σ 13	) 2 =	3 13 2R 2	(1.59)
			N =		3 2	(	τ yield e σ 12	) 2 =	3 12 2R 2	(1.60)
	where each σ ij is the measured yield stress value when σ ij is applied as the only
	nonzero stress component ; σ yield e	is the user-dened reference yield stress specied for
	the metal plasticity denition ; e = σ yield e	/	√	3 . The six yield stress ratios are, therefore, dened
	as follows (in the order in which you must provide them) :
	σ 11 σ yield e	,	σ 22 σ yield e	,	σ 33 σ yield e	,	σ 12 τ yield e	,	σ 13 e τ yield	,	σ 23
												)	(1.57)
												33
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	.1 presents all the rheological parameters of DP600 identied for dierent
	hardening models. The mathematical form of the hardening models are discussed in
	the following parts. It can be noted that the proposed synthesis model equation 2.17
	describe with a high accuracy the real hardening behavior of the analyzed DP600 dual
	phase steel.

Table 2 .
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	1 Rheological coecients corresponding to dierent DP600 hardening models
		σ y	n 1	n 2	n 3	n 4	w	Equation	Nonlinear regression ε p range
	Classical Ludwik model 01	400	980	0.48	-	-	-	(2.11)	[0, 0.2]
	Classical Ludwik model 02	400	1660	0.63	-	-	-	(2.19)	[0, 0.05]
	Modied Ludwik model	400	1690	0.5	-1240	-65	-	(2.13)	[0, 0.2]
	Classical Voce model 01	400	555	15.5	-	-	-	(2.14)	[0, 0.2]
	Classical Voce model 02	400	340	27.5	-	-	-	(2.20)	[0, 0.05]
	Modied Voce model	400	270	30	900	-	-	(2.16)	[0, 0.2]
	Proposed synthesis model (w=0.4)	400	1660	0.63	340	27.5	0.40	(2.17 et 2.18)	[0, 0.2]
	Proposed synthesis model 02 (w=0.2)	400	3411.3	0.60	234.4	27.1	0.20	(2.17 et 2.21)	[0, 0.2]
	Proposed synthesis model 1 (w=1)	400	3411.3	0.60	234.4	27.1	1	(2.17)	-
	2.2.2 Temperature sensitivity					

2.2.2.1 Temperature sensitivity of a high strength steel

The temperature sensitivity of a high strength steel described in the work of Chen

[START_REF] Chen | Behavior of high strength structural steel at elevated temperatures[END_REF] 

is presented in table 2.2. The thermal softening fraction is the ratio of the stress at elevated temperature to the value at room temperature. The thermal softening fraction is presented with dierent temperature sensitivity models by setting F(T room ) = 1.

Johnson-Cook temperature sensitivity model Several temperature sensitivity model are used to t the experimental data above. Generally the homologous temperature T * can be dened as equation 1.95 :
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	2 Temperature sensitivity at dierent temperatures and strains
	Temperature, • C	f 0.2 =F(ε 0.002 )	f 0.5 =F(ε total 0.005 )	f 1.5 =F(ε total 0.015 )	f 2.0 =F(ε total 0.020 )
	22	1	1	1	1
	60	0.95	0.96	0.96	0.96
	120	0.94	0.94	0.96	0.96
	150	0.96	0.95	0.98	0.99
	180	0.92	0.92	0.97	0.97
	240	0.89	0.89	0.99	1
	300	0.89	0.9	0.975	0.985
	410	0.87	0.87	0.94	0.94
	460	0.8	0.81	0.85	0.84
	540	0.75	0.75	0.76	0.74
	600	0.6	0.61	0.56	0.59
	660	0.43	0.44	0.43	0.42
	720	0.21	0.21	0.22	0.22
	770	0.14	0.14	0.15	0.14
	830	0.08	0.08	0.08	0.09
	940	0.05	0.05	0.05	0.05
	Khan temperature sensitivity model A power function with respect to tempe-

rature T is proposed by Khan

[START_REF] Akhtar | Quasi-static and dynamic loading responses and constitutive modeling of titanium alloys[END_REF] 

as a temperature sensitivity model dened using equation 1.101.

Table 2 .

 2 3 The yield and ultimate strength from literature data[START_REF] Aydemir | Investigation of mechanical properties of DP600 steels at elevated temperatures[END_REF] and the corres-

	ponding temperature sensitivity of DP600					
	Temperature ( • C)	20	200	400	600	700	800
	Yield strength R p0.2 (MPa)	431	413	378	168	84	38
	Ultimate strength R m (MPa) 671 630	619	224	110	46
	Temperature sensitivity F(T )	1	0.946	0.905	0.356	0.176	0.076
	Based on the temperature sensitivity experimental data of Aydemir et al [58], the
	DP600 temperature sensitivity model are re-identied.			

Johnson-Cook temperature sensitivity model The Johnson-Cook temperature sensitivity model with parameter m=1.5 is also suitable for the dual phase material DP600 :

Table 2 .

 2 4. 
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 2 4 Measurement of dimension change of tensile test θ = 0 • θ = 45 • θ = 90 •

	Initial length l 0 /mm	19.70	19.62	19.58
	Unload length l 1 /mm 21.18	21.30	21.04
	Initial width w 0 /mm	10.06	10.06	10.06
	Unload width w 1 /mm	9.70	9.74	9.72

Table 2 .

 2 For planar anisotropy, if set R 11 = 1, the other anisotropic yield stress ratios R 22 , R 33 and R 12 are dened using the following relationships Based on the test results presented in table 2.4 and using the above equations, Lankford coecients and Hill's coecients of DP600 steel are presented in table 2.5. 5 The Lankford coecients and Hill's parameters of DP600 steel
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Two yield surfaces predicted by Hill48 model and Von Mises criterion of the dual phase steel DP600 sheet are shown in gure 2.19.

Table 3 .

 3 1 tan θ and direction index

	Direction Index	1	2	3	4	5	6	7	8	9	10	11	12
	tan θ	1	3/4	2/3	1/2	1/3	1/4	0	-1/4	-1/3	-1/2	-2/3	-3/4

With respect to table 3.1, dierent preferential directions are presented in gure 3.5.
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 3 

		3 Parameters of Heat Source Model
	Symbol	Meaning	Value
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 4 [START_REF] Je Geusic | Laser oscillations in nd-doped yttrium aluminum, yttrium gallium and gadolinium garnets[END_REF] Analysis job content assigned for each step in thermal analysis model

	Name	Initial condition	Welding process	Cooling process
	Convection		Created	Propagated
	Radiation		Created	Inactived
	Heatsource		Created	Inactived
	Room temperature	Created	computed	computed

  Five hardening models described in chapter 2.2.1.4 are simulated through commercial software ABAQUS/FEM. The numerical models are based on basic material properties identied in chapter 4.2, B geometry and mesh presented in chapter 4.3.2, boundary conditions detailed in chapter 4.4 and analysis steps described in chapter 4.5.The parameters of the ve hardening models are reminded in table 4.9.

	Table 4.9 Rheological coecients corresponding to dierent DP600 hardening models
		σ y	n 1	n 2	n 3	n 4	w	Equation	Nonlinear regression ε p range
	Classical Ludwik model 01	400	980	0.48	-	-	-	(2.11)	[0, 0.2]
	Classical Ludwik model 02	400	1660	0.63	-	-	-	(2.19)	[0, 0.05]
	Modied Ludwik model	400	1690	0.5	-1240	-65	-	(2.13)	[0, 0.2]
	Classical Voce model 01	400	555	15.5	-	-	-	(2.14)	[0, 0.2]
	Classical Voce model 02	400	340	27.5	-	-	-	(2.20)	[0, 0.05]
	Modied Voce model	400	270	30	900	-	-	(2.16)	[0, 0.2]
	Proposed synthesis model (w=0.4)	400	1660	0.63	340	27.5	0.40	(2.17 et 2.18)	[0, 0.2]
	Proposed synthesis model 02 (w=0.2)	400	3411.3	0.60	234.4	27.1	0.20	(2.17 et 2.21)	[0, 0.2]
	Proposed synthesis model 1 (w=1)	400	3411.3	0.60	234.4	27.1	1	(2.17)	-

Table 4 .

 4 [START_REF] Davies | Materials for automobile bodies[END_REF] Young's Modulus and Poisson's ratio of DP600[START_REF] Seang | Evaluation numérique des contraintes résiduelles appliquée à l'acier DP600 soudé par laser de haute puissance Nd : YAG[END_REF] 

	Temperature ( • C)	0	300	600	800
	Young's Modulus (GPa)	210	190	120	30
	Poisson's ratio	0.280	0.295	0.310	0.330
	4.10.2 Weld material elasticity				
	The cellular automaton is applied in the welding fusion zone to simulate the micro-

structure of solidication process. In gure 4.15, the position of CA simulation zone is presented. The temperature of the four corner points is computed by ABAQUS/FEM model and then interpolated into CA simulation model.

Table 4 .

 4 11 Direction cosines values in plane rotation with angle θ The temperature inuence on elastic constants are considered proportionally the same as those of DP600 Young's modulus and Poisson's modulus in table 4.10. Linear interpolation is applied to decrease elastic constants proportionally as the temperature increases for 300 • C, 600 • C and 800 • C. Where W T stands for the weld material Young's Modulus and Poisson's ratio values of E 1 , E 2 , E 3 , ν 12 , ν 13 , ν 23 , G 12 , G 13 and G 23 in table 6.2 at temperature T (T can be 0 • C, 300 • C, 600 • C and 800 • C) and B T stands for the corresponding base material Young's Modulus and Poisson's ratio values in table 4.10. The computed values are shown in table 6.2 and the units of E 1 , E 2 , E 3 , G 12 , G 13 and G 23 are of GPa.

	x A	y A	z A
	x B cosθ -sinθ 0
	y B sinθ cosθ	0
	z B 0	0		1
	W T W 0	=	B T B 0	(4.13)

Table 4 .

 4 [START_REF] Dl Chen | The dependence of nearthreshold fatigue crack growth on microstructure and environment in dual-phase steels[END_REF] Elastic constants of weld material Based on above analyze, the elasticity of weld is redened according to martensite properties and cellular automaton orientation results. If the same material orientations are used, the elastic constants considering CA orientations can be give in table6.3 : 

	T / • C	E 1	E 2	E 3	ν 12	ν 13	ν 23	G 12	G 13	G 23
	0	203.40	203.07	202.72	0.2943	0.2902	0.2942	79.06	78.72	78.85
	300	184.03	183.73	183.42	0.3101	0.3057	0.3100	71.53	71.22	71.34
	600	116.23	116.04	115.84	0.3258	0.3213	0.3258	45.18	44.98	45.06
	800	29.06	29.01	28.96	0.3469	0.3420	0.3468	11.29	11.25	11.26

Table 4 .

 4 [START_REF] Kuang | Eect of continuous annealing parameters on the mechanical properties and microstructures of a cold rolled dual phase steel[END_REF] Elastic constants of weld material with CA orientations

	T / • C	E 1	E 2	E 3	ν 12	ν 13	ν 23	G 12	G 13	G 23
	0	203.78	203.70	202.72	0.2924	0.2924	0.2935	78.93	78.85	78.55
	300	184.37	183.30	183.42	0.3080	0.3081	0.3092	71.42	71.34	71.07
	600	116.45	116.40	115.84	0.3237	0.3237	0.3249	45.10	45.05	44.88
	800	29.11	29.10	28.96	0.3446	0.3446	0.3459	11.28	11.26	11.22

Table 5 .

 5 3 The Lankford coecients and Hill's parameters of DP600 steel

	r 0	r 45	r 90	R 11	R 22	R 33	R 12
	1.0123	0.6487	0.9160	1	0.9748	0.9777	1.1172
	F	G	H	N			
	0.5492	0.4969	0.5031	1.2017			
	In chapter 3, 2D Cellular Automaton (CA) model has been developped for the
	simulation of solidication microstructure evolution during a laser welding process. The

5. In section 3.18.5 and section 3.18.6, CA model results of gure 3.28 and 3.29 mean that the nuclea at the corner grows well to the whole simulation zone, it grow normally at the edge of the simulation zone. 6. In section 3.18.7, CA model results of gure 3.30 indicate that CA model can simulate two equiaxed dendrite grain competition growth.

Table 6 .

 6 1 Les coecients de Lankford et les paramètres de Hill de l'acier DP600

	r 0	r 45	r 90	R 11	R 22	R 33	R 12
	1.0123	0.6487	0.9160	1	0.9748	0.9777	1.1172
	F	G	H	N			
	0.5492	0.4969	0.5031	1.2017			

Les deux surfaces de charge prédites par le modèle de Hill48 et le critère Von Mises de la plaque dual phase DP600 sont représentées sur gure 6.6.

Table 6 .

 6 2 Constantes élastiques du matériau de soudure

	T / • C	E 1	E 2	E 3	ν 12	ν 13	ν 23	G 12	G 13	G 23
	0	203.40	203.07	202.72	0.2943	0.2902	0.2942	79.06	78.72	78.85
	300	184.03	183.73	183.42	0.3101	0.3057	0.3100	71.53	71.22	71.34
	600	116.23	116.04	115.84	0.3258	0.3213	0.3258	45.18	44.98	45.06
	800	29.06	29.01	28.96	0.3469	0.3420	0.3468	11.29	11.25	11.26

Table 6 .

 6 3 Constantes élastiques du matériau de soudure avec des orientations CA Étude numérique et expérimentale des contraintes résiduelles générées lors du soudage laser s 6.3 Chapitre 3 : Modèle d'automate cellulaire

	T / • C	E 1	E 2	E 3	ν 12	ν 13	ν 23	G 12	G 13	G 23
	0	203.78	203.70	202.72	0.2924	0.2924	0.2935	78.93	78.85	78.55
	300	184.37	183.30	183.42	0.3080	0.3081	0.3092	71.42	71.34	71.07
	600	116.45	116.40	115.84	0.3237	0.3237	0.3249	45.10	45.05	44.88
	800	29.11	29.10	28.96	0.3446	0.3446	0.3459	11.28	11.26	11.22
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Basic material properties

Density

The material density of dual phase steel is a temperature dependent parameter, the data of density is show in Table 4.3 : Table 4.3 Density of model [START_REF] Seang | Evaluation numérique des contraintes résiduelles appliquée à l'acier DP600 soudé par laser de haute puissance Nd : YAG[END_REF] Mass density (Kg/m 

Specic Heat

The specic heat of dual phase material is dened to change with temperature. The parameters of specic heat are show in Table 4.4 :

Table 4.4 Specic heat of model [START_REF] Seang | Evaluation numérique des contraintes résiduelles appliquée à l'acier DP600 soudé par laser de haute puissance Nd : YAG[END_REF] Specic heat (J/(Kg • • C)) Temperature ( • C) Chapitre 04

inuence the magnitude of elasto-plastic ow behavior. Normally, the higher the strain rate is, the higher the strain rate sensitivity will be. 

Temperature02-wedge2to1-DC3D8 ---1805

In the table, Wedge" means the wedge type of transition mesh and Rect" for rectangular type. For all the rectangular elements, 8 nodes" means an element has 8 nodes for computation and the same is true for 20 nodes". For temperature computation, the element type of 8 nodes" is DC3D8 and that of 20 nodes" is DC3D20. For stress computation, the element type of 8 nodes" is C3D8R and that of 20 nodes" is C3D20R.

Temp" means model for temperature computation and Stress" means model for stress computation. " means the model is of this type and -" not.

Comparison between rectangular type and wedge type

Based on simulation results, computation times are drawn in 

Résumé

Le procédé de soudage laser est largement utilisé dans les travaux d'assemblage, en particulier, dans le domaine de l'industrie automobile. L'acier dual phase DP600 est un acier à haute résistance qui permet de réduire le poids de l'automobile dans le cadre de l'allègement des structures. Notre travail s'est essentiellement basé sur l'évaluation des contraintes résiduelles générées dans l'acier DP600 lors du soudage par laser. Deux approches ont été réalisées. L'approche expérimentale a été réalisée à l'aide de méthodes de rayon X et par neutrons pour calculer les contraintes résiduelles. L'approche de simulation a été réalisée par couplage de diérentes formulations numériques.

Numériquement, le formalisme de la mécanique continue a été utilisé par des simulations par éléments nis (FEM) pour analyser et évaluer les contraintes résiduelles. Sur la base de tests de traction expérimentaux, le modèle constitutif élasto-thermo-plastique de l'acier DP600 a été identié. L'écrouissage du matériau a été étudié par la loi de Ludwik et de Voce. A partir de résultats experimentaux, un modèle a été proposé et les résultats analysés en utilisant une loi de mélange martensite (écrouissage Ludwik) et ferrite (adoucissement de Voce).

De même, nous avons étudié la sensibilité à la température en utilisant plusieurs modèles : Johnson-Cook, Khan, Chen. A partir de cette étude, nous avons proposé un modèle de sensibilité à la température. Enn, un modèle de sensibilité à la déformation plastique, à la vitesse de déformation issu des travaux d'A. Gavrus et un modèle d'anisotropie planaire dénit par la théorie de Hill ont été ajoutés.

Une méthode d'automate cellulaire (CA) 2D a été programmée pour simuler l'évolution de la microstructure lors de la salication liée au processus de soudage laser. Dans ce modèle, les phénomènes de nucléation avec prise en compte de l'orientation de la croissance, de la concentration et de la vitesse de croissance à l'interface solide/liquide, l'anisotropie de la tension de surface, de la diusion, ainsi que la fraction des phases en présence ont été pris en compte. De plus, les équations de conservation ont été étudiées en détail et analysés. Les résultats ainsi que le champ de température issu du modèle FEM ont été importés dans le modèle CA. En comparant la simulation et les résultats expérimentaux, de bonnes concordances ont été trouvées.

Par la suite, nous avons réalisés un couplage des deux modèles CA et FEM. Concernant le procédé laser, les résultats du modèle par éléments nis ont été analysés. La géométrie de l'échantillon, la source de chaleur, les conditions aux limites, le comportement thermomécanique de l'acier dual phase DP600 telles que la conductivité, la densité, la chaleur spécique, l'expansion, l'élasticité et la plasticité sont introduites. Les modèles d'analyse du terme d'écrouissage, de la sensibilité à la vitesse de déformation, de la sensibilité à la température, de l'anisotropie plastique et de l'anisotropie élastique ont été simulés. Les fractions volumiques concernant la nature des deux phases en présence ont été également étudiées.

Les résultats numériques naux les contraintes résiduelles ont été étudiées. Les comparaisons avec des mesures expérimentales ont montré à la fois quels phénomènes étudiés sont prépondérants et les eets moins inuents sur l'évaluation des contraintes résiduelles. Les résultats les plus probants ont montré des bonnes convergences entre l'approche numérique et expérimentale. Ces résultats confortent la robustesse du modèle numérique développé.

Mots-clés : Soudage Laser, DP600, Contraintes Résiduelles, Automate Cellulaire, Ecrouissage, Sensibilité à la Température, Sensibilité à la vitesse de déformation, Anisotropie, Loi de mélange dual-phase

Abstract

The laser welding process is widely used in assembly work, particularly in the eld of the automobile industry. The dual phase DP600 steel is a high-strength steel which reduces the weight of the automobile through lightening the structures. Our work was mainly based on the evaluation of the residual stresses generated in the DP600 steel during laser welding. Two approaches have been developed. The experimental approach was carried out using X-ray and neutron methods to calculate the residual stresses. The simulation approach was realized by coupling dierent numerical formulations.

Numerically, the theory of continuous mechanics has been used by nite element simulations (FEM) to analyze and evaluate residual stresses. Based on experimental tensile tests, the elastothermo-plastic constitutive model of DP600 steel was identied.

The material hardening was studied by the law of Ludwik and of Voce. From experimental results, a model has been proposed and the results are analyzed by using a mixing law between martensite (Ludwik hardening) and ferrite (Voce softening). Moreover, we have studied temperature sensitivity using several models : Johnson-Cook, Khan, Chen. From this study, we proposed a model of temperature sensitivity. Finally, a model of sensitivity of plastic strain and of strain rate according to the work of A. Gavrus and a planar anisotropy model dened by Hill theory were added.

A 2D Cellular Automaton (CA) method has been programmed to simulate the evolution of the microstructure during the laser welding process. In this model, the nucleation phenomena, the orientation of the growth, the concentration and the growth rate at the solid / liquid interface, the anisotropy of the surface tension, the diusion as well as the fraction of the phases involved have been taken into account. In addition, conservation equations were studied in detail and analyzed. The results of the temperature eld from the FEM model were imported into the CA model. By comparing the simulation and the experimental results, good concordances were found.

Subsequently, we performed a coupling of the two models CA and FEM. The results of the nite element model were analyzed for the laser process. Sample geometry, heat source, boundary conditions, thermo-mechanical behavior of dual phase DP600 steel such as conductivity, density, specic heat, expansion, elasticity and plasticity are introduced. The models analyzing the term of hardening, the strain rate sensitivity, the temperature sensitivity, the plastic anisotropy and the elastic orthotropic anisotropy were simulated. The voluminal fractions concerning the nature of the two phases were also studied.

The nal numerical results of the residual stresses were studied. Comparisons with experimental measurements showed that some inuence on residual stresses are preponderant while other inuences are less important. The most convincing results showed good convergence between the numerical and experimental approach. These results conrm the validation of the developed numerical model.