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This work focuses on modeling the microstructure evolution induced by surface mechanical attrition treatment (SMAT) in TWIP/TRIP steels. The features of the generated gradient microstructure of a 304L TWIP/TRIP steel are characterized by SEM, XRD, and nanoindentation. Nanoindentation is applied to a multilayer material for the investigation of the mechanical properties of the gradient microstructure.

Based on the experimental results, a dislocation density model considering the influence of twinning and martensitic transformation of TWIP/TRIP steels is proposed to investigate the effect of SMAT controlling parameters. Then the dislocation density of austenite and martensite as well as the volume fraction of twin and martensite generated by impact loading is numerically evaluated using a full Finite Element (FE) model. Afterward, to study the evolution of damage during the SMAT process, the damage is introduced in the dislocation density model. Finally, a dislocation density based visco-elastoplastic model considering the effects of grain size, dislocation density, twin, and strain rate is proposed to further understand the effect of impact loadings on the mechanical properties of TWIP/TRIP steel with gradient microstructure based on the results of nanoindentation tests. To study the overall elastoplastic response of the SMATed material, the mixing rule is used by considering the SMATed gradient material as a gradient structure consisting of different layers with particular microstructures and mechanical properties.
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II Résumé

Ce travail est centré sur la modélisation de l'évolution de la microstructure induite par le procédé SMAT (surface mechanical attrition treatment) dans un acier TWIP/TRIP. Les caractéristiques de base d'un acier TWIP/TRIP sont mises en évidence par la microscopie électronique à balayage (MEB), la diffraction des rayons X (DRX) et la nanoindentation. La nanoindentation est appliquée sur différentes couches pour l'étude des propriétés mécaniques du matériau à gradient de microstructure. Un modèle basé sur la densité de dislocation tenant compte de l'influence du maclage et de la transformation de phase martensitique dans un acier TWIP/TRIP est proposé pour étudier l'influence des paramètres induits par SMAT.

Ensuite, la densité de dislocations dans l'austénite et celle dans la martensite, ainsi que les fractions volumiques de macles et de martensite au cours d'un impact, sont évaluées numériquement avec un modèle d'éléments finis. Par ailleurs, afin d'étudier l'évolution de l'endommagement pendant le processus d'impact, l'endommagement a été introduit dans le modèle de la densité de dislocations. Enfin, un modèle visco-élastoplastique basé sur la densité de dislocations considérant l'effet de la taille de grain, le maclage et le taux de déformation a été proposé afin de mieux comprendre les effets du SMAT sur les propriétés mécaniques d'un acier TWIP/TRIP avec gradient de microstructure. Ainsi, pour étudier la réponse élastique globale du matériau SMATé, la loi de mélange est utilisée en considérant le gradient du matériau comme une structure composée de différentes couches avec des microstructures et des propriétés mécaniques différentes. 

General background

Austenitic stainless steel (SS) is an alloy of iron with chromium (Cr) and nickel (Ni) elements and is known for its excellent corrosion resistance [START_REF] Wang | A novel rapid D.C. plasma nitriding at low gas pressure for 304 austenitic stainless steel[END_REF]. Therefore, stainless steel is widely used in modern industrial production fields, such as automotive, biomedical, chemical, food, aerospace, chemical processing, and nuclear industries [2]. However, stainless steel has some defects, such as low mechanical strength, low fatigue strength, and poor cutting performance. The mechanical properties of SS can reflect the changes of the microstructure caused by fatigue, while the fatigue depends on surface hardness, initial residual stress (IRS), etc. The progressive accumulation of plastic strain under cyclic loading caused by material fatigue may lead to the formation of microcracks [START_REF] Wang | Current understanding of ultra-high cycle fatigue[END_REF]. When lacking compressive residual stress (CRS) of structural components, the fatigue performance of stainless steel is reduced, which can restrict the use of SS. Previous studies also showed that most of material failures start on top surfaces such as fatigue fracture, fretting fatigue, wear, corrosion, etc. These failures are very sensitive to the structure and characteristics of the material surface. The overall performance of the material can be significantly enhanced by effectively changing the surface structure and properties.

Therefore, the CRS field can be introduced by surface engineering/modification technology to improve the fatigue performance of structural components [START_REF] Wang | A novel rapid D.C. plasma nitriding at low gas pressure for 304 austenitic stainless steel[END_REF], [2].

In the past few decades, due to the advantages over other methods (such as chemical deposition or composite materials), the technology of surface treatment by plastic deformation has attracted more and more attention. The performance improvements brought by the surface deformation process are mainly attributed to plastic deformation without changing its chemical composition. Various surface deformation processes have been proposed, and many experimental studies have also been conducted to obtain nanocrystalline structures under plastic deformation [START_REF] Feng | Investigation of surface nanocrystallization of a low carbon steel induced by ultrasonic shot peening[END_REF]- [START_REF] Heydari Astaraee | Incorporating the principles of shot peening for a better understanding of surface mechanical attrition treatment (SMAT) by simulations and experiments[END_REF]. These experimental results show that the main deformation modes and surface nanocrystallization mechanisms during high energy ball impacts depend on the crystal structure and the Stacking Fault Energy (SFE) of impacted solid. However, as many details of the grain refinement mechanism are unclear, there is still a lack of direct theoretical explanation or simulation of nanoscale grain formation.

Motivation and objectives

SMAT can transform coarse-grained material in the top surface into nanostructured material. Fig. I-1 shows a typical cross-sectional optical microstructure of a pure titanium sample after SMAT processing for 30 min [START_REF] Guo | Examination of thermal properties by scanning thermal microscopy in ultrafine-grained pure titanium surface layer produced by surface mechanical attrition treatment[END_REF]. An overall microstructure gradient with a grain size distribution from a few nanometers to several micrometers can be observed in the SMAT affected region. Three different areas can be roughly distinguished. They are respectively the nanostructured layer, the interior region non-affected by SMAT, and the transition region between them. Due to some excellent mechanical properties of SMATed materials, it is necessary and useful to investigate the SMAT process both experimentally and numerically to obtain a better understanding and control of the process. Experimental studies performed previously in the literature [START_REF] Lu | Grain refinement mechanism of multiple laser shock processing impacts on ANSI 304 stainless steel[END_REF]- [START_REF] Mann | Residual stress near single shot peening impingements determined by nanoindentation and numerical simulations[END_REF] have shown that the mechanical properties of SMATed materials are highly influenced by the microstructure such as grain size and by the mechanical state such as work hardening.

From a modeling point of view, it would be highly beneficial to establish accurate numerical models of SMAT process to consider the influence of different parameters.

During SMAT, high compressive residual stresses are generally introduced in the mechanically affected layer due to the incompatibility of elastic deformation of the material [START_REF] Mutoh | the Effect of Residual Stresses Induced By Shot-Peening on Fatigue Crack Propagation in Two High Strength Aluminium Alloys[END_REF]. The presence of the nanostructured layer and the high compressive residual stresses can significantly improve the mechanical properties of materials under various loading conditions. As the near-surface region is mechanically affected by SMAT, it can lead to a uniform grain size refinement due to severe plastic deformation, whereas the bulk of the part is not mechanically deformed so that its characteristics and mechanical properties remain unchanged [START_REF] Prevéy | X-Ray Diffraction Characterization of Residual Stresses Produced By Shot Peening[END_REF]. A gradient microstructure is thus formed from the treated surface to the interior region of the material [START_REF] Calcagnotto | Orientation gradients and geometrically necessary dislocations in ultrafine grained dual-phase steels studied by 2D and 3D EBSD[END_REF]. The particularity of the SMAT with respect to the conventional shot peening lies in the fact that it can transform the top surface layer of materials from coarse grains to nano-sized grains. This nanostructured layer, even if it is thin in general, may have a significant effect on the performance of materials since engineering components are mostly loaded on their surface, for example, in the case of friction, torsion, or contact loading [START_REF] Sun | Micro-pillar compression tests to characterize the mechanical behavior of a nanocrystalline layer induced by SMAT in a 316L stainless steel[END_REF]. To understand the mechanical behavior of SMATed materials, it is also important to characterize the mechanical properties of different regions, such as the nanostructured layer and the plastically deformed region.

TWIP/TRIP steels gain increasing attention, especially in automotive structural applications, due to their high energy absorption capacity and fatigue strength. Their mechanical behaviors in relation to microstructure evolution during deformation have been extensively studied [START_REF] De Cooman | Structure-properties relationship in TRIP steels containing carbide-free bainite[END_REF]- [START_REF] Mahieu | Phase transformation and mechanical properties of Si-free CMnAl transformation-induced plasticity-aided steel[END_REF], and the deformation mechanisms of this kind of steels, even if complex, have been well highlighted [START_REF] De Cooman | State-of-the-knowledge on TWIP steel[END_REF]. From the metallurgical point of view, TWIP/TRIP steels have a narrow range of SFE (from 15 to 22 mJ/m -2 , according to [START_REF] Galindo-Nava | Understanding martensite and twin formation in austenitic steels: A model describing TRIP and TWIP effects[END_REF]), which is essential to ensure the presence of both twinning and martensitic transformation during deformation [START_REF] Pierce | The influence of stacking fault energy on the microstructural and strain-hardening evolution of Fe-Mn-Al-Si steels during tensile deformation[END_REF]. For these kinds of materials, during the material deformation process, twinning and martensitic transformation can be induced by plastic deformation [START_REF] Bouaziz | Effect of grain and twin boundaries on the hardening mechanisms of twinning-induced plasticity steels[END_REF]- [START_REF] Seo | Micro-plasticity of medium Mn austenitic steel: Perfect dislocation plasticity and deformation twinning[END_REF]. The occurrence of twinning reduces the mean free path, through which a dislocation can slide [START_REF] Chen | The influence of strain rate on the microstructure transition of 304 stainless steel[END_REF]. The generated martensite makes the alloy harder and stronger due to its mechanical strength higher than that of the original austenite before transformation [START_REF] Talonen | Formation of shear bands and strain-induced martensite during plastic deformation of metastable austenitic stainless steels[END_REF]. Therefore, it is interesting to study properties of the gradient TWIP/TRIP steel with a nanostructured layer generated by SMAT are studied experimentally by nanoindentation in the cross-section at different distances from the top surface. Based on the dislocation density model, a dislocation density visco-elastoplastic model considering the effect of grain size, dislocation density, twinning, strain rate, and damage is proposed to better understand the influence of SMAT on the material.

Organization of this thesis

This thesis is mainly focused on the investigation of the SMAT process through In Chapter 7, a summarization of the whole work is given, and an outlook on future researches is addressed.

CHAPTER 2 LITERATURE REVIEW

Introduction to SMAT

Mechanical surface treatment technologies are widely used to improve the mechanical properties of materials by changing the near-surface microstructures to enhance engineering components [START_REF] Tao | An investigation of surface nanocrystallization mechanism in Fe induced by surface mechanical attrition treatment[END_REF]. These mechanical surface treatment technologies, such as shot peening and its variants based on impact loadings, can give rise to severe plastic deformation in the near-surface area of materials. Therefore, the compressive residual stress field associated with the work hardening region will be generated after treatment, which is usually helpful for improving fatigue life of mechanical parts in use by delaying the initiation and propagation of fatigue cracks [START_REF] Tao | Surface nanocrystallization of iron induced by ultrasonic shot peening[END_REF]. Based on grain refinement induced by severe plastic deformation in metals, Lu et al. [START_REF] Lu | Surface nanocrystallization (SNC) of metallic materials-presentation of the concept behind a new approach[END_REF] first proposed a new surface treatment technology known as Surface Mechanical Attrition Treatment (SMAT) in 1999. It is able to refine the grains in metals and alloys to improve their mechanical properties. This is presently one of the most widely studied mechanical surface treatment technologies. SMAT is based on the repeated and random multidirectional impacts between the material surface and spherical shot driven by ultrasonic generator. As shown in Fig. Ⅱ-1a, SMAT machine has an ultrasonic generator that converts electrical energy into mechanical motion [START_REF] Azadmanjiri | Development of Surface Nano-Crystallization in Alloys by Surface Mechanical Attrition Treatment (SMAT)[END_REF]. The balls are placed in the reflection chamber, and they are vibrated by this ultrasonic generator. The system's frequency is very high (20 kHz), producing very high sound pressure near the surface of the ultrasonic generator, which will project the balls with a desired speed. Generally speaking, the diameter of the steel balls is between 1 and 10 mm, and the speed of the balls is between 1 and 20 m/s [START_REF] Arifvianto | Effect of sandblasting and surface mechanical attrition treatment on surface roughness, wettability, and microhardness distribution of AISI 316L[END_REF]. Once the balls resonate, the surface of the engineering parts to be treated is impacted by these balls in a short time (in the order of T = 1/f = 5*10 -5 s) [START_REF] Dai | Comparison between shot peening and surface nanocrystallization and hardening processes[END_REF]. The shot directions of these balls in the vibration chamber are random, so the balls impact the surface of the sample randomly. Each impact can cause a high strain rate plastic deformation on the surface of the specimen. Therefore, repeated multidirectional impacts can lead to severe plastic deformation along different crystal directions (Fig. Ⅱ-1b). The diameter, the number, the kinetic energy of the balls, and the processing time are four of the main technological parameters of this process [START_REF] Lu | Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment[END_REF].

In the process of SMAT, due to the high strain rate and the considerable accumulated plastic strain, a large number of micro-defects, such as dislocation or deformation-induced twins, can be produced on the top treated surface, depending on the properties of materials, especially the Stacking Fault Energy (SFE) [START_REF] Dai | Comparison between shot peening and surface nanocrystallization and hardening processes[END_REF], [START_REF] Schilling-Praetzel | Influence of temperature of shot peening on fatigue life[END_REF]. For example, for Face-Centered Cubic (FCC) and Body-Centered Cubic (BCC) metals, dislocation walls and cells generally appear to accommodate strains. Moreover, twinning and slip are competitive deformation processes. In general, in high/medium-SFE materials, slip plays a major role at room temperature and low strain rate. However, in low SFE materials, twinning is likely to occur even during quasi-static deformation at room temperature [START_REF] An | Influence of stacking-fault energy on the accommodation of severe shear strain in Cu-Al alloys during equal-channel angular pressing[END_REF]. In the SMAT process, due to the incompatibility of the elastic deformation of materials, high residual compressive stresses are generally introduced in the region affected by the treatment. The existence of nanostructured layer and high compressive residual stresses can significantly improve the mechanical properties of materials, such as hardness, yield strength, fatigue, and wear properties. In the past decades, due to the significant advantages of ultrafine-grained materials, nanocrystalline and sub-microcrystalline materials have been synthesized and studied to optimize their microstructures to increase the strength of the materials [START_REF] Roland | Fatigue life improvement through surface nanostructuring of stainless steel by means of surface mechanical attrition treatment[END_REF].

Microstructural characteristics of AISI 316L and 304L

stainless steels after SMAT . They are widely used as structural materials and components of offshore oil and gas platforms, and also as components and structural materials in many nuclear applications. In recent decades, more and more attention has been paid to strengthen stainless steels. Many methods have been developed, such as changing the chemical composition of stainless steels to induce solid solution [START_REF] Rawers | Tensile characteristics of nitrogen enhanced powder injection moulded 316L stainless steel[END_REF] and grain refinement [START_REF] Üçok | Property enhancement in Type 316L stainless steel by spray forming[END_REF]. In the work of Lu et al. [START_REF] Lu | Microstructural evolution of the surface layer of 316L stainless steel induced by mechanical attrition[END_REF], the surface nanocrystallization of 316L stainless steel was successfully achieved through SMAT. During SMAT, the vibration frequency was 50 kHz, the diameter of the balls was 8 mm, and the processing time was 60 min. The evolution of the structure, as well as the grain refinement behavior, was observed by XRD and TEM. The experimental results show (see Fig. II-2) that high-density dislocations are formed at a depth of about 100 μm below the surface of the sample. Then as the strain and the strain rate increase, the mechanical twins are induced to a depth of about 50 μm. The lamellar twins cross each other to refine the grains. Finally, after the SMAT process, a nanostructured surface layer with a thickness of about 20 μm is formed, whose microstructure is composed of a mixture of austenite and martensite with a grain size of about 10-30 nm. The realization of surface nanocrystallization seems to be attributed to the grain refinement due to dislocation-twin and twin-twin interactions, and its hardness is greatly improved after SMAT treatment.

Lu et al. [START_REF] Chen | Tensile properties of a nanocrystalline 316L austenitic stainless steel[END_REF] also studied the microstructural characteristics of 316L steel on the top layer (about 6-8 µm from the polished top surface). Samples of the same type as [START_REF] Lu | Microstructural evolution of the surface layer of 316L stainless steel induced by mechanical attrition[END_REF] were used with a thickness of 1.8 mm. The diameter of the balls was 3 mm, the vibration frequency was changed to 20 kHz, and the treatment duration was 30 min. 

Formation of planar dislocation arrays and mechanical twins

Planar dislocation arrays and mechanical twins are formed under specific low strain and strain rate conditions. Strain-induced dislocations in AISI 304 stainless steel are mainly on {111} plane, forming planar dislocation arrays and grids instead of irregular dislocation elements (as shown in FCC such as aluminum alloys) or dense dislocation walls (such as BCC Fe). Planar dislocation arrays and grids are typical dislocation structures observed in low SFE alloys deformed at low strain and low strain rates. This structure can be attributed to the low SFE, which makes it difficult for some dislocations to slip laterally and causes them to be arranged more easily in a

For AISI 304, the intersection of twins can not only effectively subdivide the original grains by introducing different boundaries, but also induce martensitic transformation (introducing phase boundary) to form smaller grains [START_REF] Lu | Surface nanocrystallization (SNC) of metallic materials-presentation of the concept behind a new approach[END_REF].

Formation of randomly oriented nanocrystals

The formation of randomly oriented nanocrystals requires significant changes in the relative orientation of these nano-sized blocks (step 4 in Fig. 

Martensitic transformation

In AISI 304 stainless steel, martensitic transformation is a common phenomenon related to plastic deformation, which is considered as a strain-induced process rather than a pressure-assisted process. In this case, the plastic deformation of the parent phase produces an appropriate defect structure, which can be used to initiate the transformation. Specifically, in austenitic stainless steel, martensite embryos are found at some intersections of the micro-shear zone, including dislocations, twins, and initial existing martensite. In AISI 304 stainless steel, the formation of martensite is strongly influenced by the chemical composition of austenite and deformation conditions (strain, strain rate, strain path, and rolling temperature) [START_REF] Behjati | Application of martensitic transformation fundamentals to select appropriate alloys for grain refining through martensite thermomechanical treatment[END_REF].

The results of Gauzzi et al. [START_REF] Gauzzi | AISI 304 steel: anomalous evolution of martensitic phase following heat treatments at 400 °C[END_REF] show that in AISI 304 stainless steel, when the temperature rises above 400 °C, a reverse transformation from martensite to austenite occurs. The dynamic recovery of the high strain zone and the recrystallized austenite structure is very spatially uneven, which is related to the non-uniform dislocation substructure. The martensitic transformation is sensitive to stress and plastic strain, and its size depends to some extent on the disorder of the atomic arrangement within the grain boundary region. Grain boundary atoms can be disordered because macroscopic loading promotes grain deformation and grain boundary rotation. As the temperature increases, the grain boundary energy increases, and the grain boundary distortion becomes more and more important. The defect region (dislocation-dense region) in the austenite grains becomes a nucleation site and the nucleation sites of the new phase increase. However, not all grain boundaries can nucleate, and only some special grain boundaries with higher energy are available to nucleate. When the grain diameter becomes smaller, the additional compressive stress caused by the surface tension of the grain sharply increases, and martensite nucleation is suppressed [START_REF] Han | Martensite microstructure transformed from ultra-fine-grained Fe-32%Ni alloy austenite[END_REF]. At the same time, grain refinement increases the grain boundary area and the yield strength of the parent phase, thereby inhibiting the nucleation of martensite. This is the main reason why fine austenite grains hinder martensitic transformation and lower Ms (start of martensitic transformation) temperature. Moreover, although martensite nucleation is considered to be heterogeneous and martensite nucleates before austenite grain boundaries, the high-density dislocations accommodated in ultrafine grain boundaries impose restrictions on the growth of martensite. Therefore, a large number of nonequilibrium curved grain boundaries formed during severe plastic deformation hinder the continuous growth of martensite.

Mechanisms of damage formation

According to the residual stress distribution, strain hardening, and corresponding surface roughness, SMAT can be considered similar to controlled shot peening (CSP) (note that CSP is a cold working treatment of surface under controlled kinetic conditions). SMAT mainly affects the fatigue damage stage corresponding to the initiation and propagation of short cracks. There is evidence that these stages account for more than 70% of the fatigue life of components [START_REF] Bigdeli Karimi | Effect of rolling strain on transformation induced plasticity of austenite to martensite in a high-alloy austenitic steel[END_REF]. Crack initiation is a controversial topic and has provided the basis for several different theories over the years, especially in the case of single crystals [START_REF] Cottrell | Extrusion and intrusion by cyclic slip in copper[END_REF], [START_REF] Forsyth | Slip-band damage and extrusion[END_REF]. In most commercial polycrystalline alloys, it is assumed that cracks occur almost immediately under stresses above the fatigue limit. Therefore, the crack initiation stage can be regarded as the early propagation of micro-defect cracks in materials [START_REF]Application of fracture mechanics to very small cracks[END_REF].

According to the experimental results, it is obvious that the stable propagation of short cracks will determine the life expectancy of components. Similar to crack initiation, the propagation of short fatigue cracks is another controversial research topic, which has been studied in various ways in the past two decades [START_REF] Suresh | Crack deflection: implications for the growth of long and short fatigue cracks[END_REF], [START_REF] Needleman | An analysis of ductile rupture in notched bars[END_REF].

Therefore, in order to better understand the effect of surface modification of CSP on

Dislocation density model

Alternatively, the microstructure can be indirectly modeled to account for the effects of microscopic processes on an averaging basis at a macroscopic level. Unlike the discrete dislocation dynamics method, the dislocation-based model is established at the macroscopic level, that is, all quantities (dislocation density, flow stress, etc.) can be calculated as a uniform representative elementary volume of material. In a series of studies conducted by Swedish researchers in the 1970s, several basic dislocation density based models were proposed by Bergström et al. [START_REF] Bergström | An improved dislocation model for the stress-strain behaviour of polycrystalline α-Fe[END_REF], Kocks et al.

[76] independently using similar viewpoints, which were later developed by Estrin & Mecking et al. [START_REF] Estrin | A unified phenomenological description of work hardening and creep based on one-parameter models[END_REF]. Many other researchers also include dislocation density implicitly [START_REF] Bammann | An internal variable model of viscoplasticity[END_REF] or explicitly [START_REF] Busso | A continuum theory for dynamic recrystallization with microstructure-related length scales[END_REF] into material models. Through the indirect method mentioned above, the dislocation density model provides a bridge between micro-phenomena and continuous macro-level for quantities such as stress and strain.

Within the scope of this study, the objective of material models is to apply manufacturing or material processes, such as SMAT, to mechanical parts. These material models should describe the thermomechanical deformation based on macroscopic stress and strain. In classical continuum mechanics, several phenomenological types of constitutive models are well known: elasticity, plasticity, viscosity, etc. This study deals with visco-elastoplasticity because these phenomena are most relevant to the deformation of metals.

Yield surface and flow rule

Yield criterion and yield stress define the region in stress space where the elastic surface and the non-elastic region outside the surface are separated by [START_REF] Lademo | Evaluation of yield criteria and flow rules for aluminum alloys[END_REF]:

f , = 0 (II-1)
where f is the yield function, is the applied stress, is the yield stress.

The flow model establishes the relationship between stress and plastic strain increment (or velocity). The yield surface function is used as the plastic dissipation potential for correlated plasticity. This method has the advantage of being widely applicable to different metals and can be effectively implemented in the calculation.

Associated flow rule is [START_REF] Lademo | Evaluation of yield criteria and flow rules for aluminum alloys[END_REF]:

= (II-2)
which defines the increment of plastic strain perpendicular to the yield surface.

In Eq. II-2, is the plastic multiplier, which can be determined by ensuring that the stress-state lies on the yield surface during plastic flow. In other words, for rate-independent plasticity theory, the plastic multiplier is evaluated by the consistency condition [START_REF] Lademo | Evaluation of yield criteria and flow rules for aluminum alloys[END_REF]:

= 0 (II-3)
Combined with the yield criterion, the above conditions show that the stress remains on the yield surface (the yield function is zero for plastic behavior), and the increment of the yield function is zero in the process of continuous plastic deformation.

Internal variables and hardening

Kinematic hardening changes the position of yield surface and isotropic hardening changes the yield surface size, while developing anisotropy changes the shape of the surface. The plastic multiplier can be regarded as a controlling variable related to internal plastic deformation. In the case of von Mises yield criterion and for simple models without damage, it is simply equivalent to the equivalent plastic strain rate, leading to the cumulated plastic deformation.

Viscoplastic constitutive framework

In the small deformation theory, the total strain rate can be decomposed into the sum of the elastic and viscoplastic parts:

= + (II-4)
The elastic strain rate is related to the stress rate by Hooke's model

    D  ,
with the fourth-rank stiffness tensor D given by the standard formulation based on Lamé's coefficients, i.e.,  and  :

  kl ij jk il jl ik ijkl D           (II-5)
where  is the Krönecker's symbol

The viscoplastic strain rate follows a normality hypothesis and can be calculated from a viscoplastic potential:

      vp  (II-6)
We introduce the equivalent stress, calculated as: this case, plastic instability begins. It is assumed that the evolution of void volume fraction during plastic deformation is the result of void growth and nucleation of new voids:

growth nucleation f f f       (II-13)
Nucleation is considered to depend entirely on the effective strain of material and can be estimated by the following equation:

p eq nucleation A f    (II-14)
where A is a parameter defined as a function of the equivalent plastic strain:

) ) ( 2 1 exp( 2 2 n n p n n S S f A       (II-15)
where n f is the void volume fraction of void nucleating particles n  is the mean void nucleating strain, n S is the corresponding standard deviation of the nucleating strain distribution and p  is the effective plastic strain.

In addition, the void growth is a function of the plastic strain rate, which can be expressed by the following relation:

p kk growth f f   ) 1 (   (II-16)
where p kk  is the trace of the plastic strain rate tensor.

In order to study the evolution of damage caused by impact during SMAT, we have extended the GTN model by combining dislocation density-based models and GTN damage, and a dislocation density damage model is thus proposed [START_REF] Chen | Constitutive modeling of TWIP/TRIP steels and numerical simulation of single impact during Surface Mechanical Attrition Treatment[END_REF]. The constitutive model and the damage model are implemented by the user-defined subroutine of the finite element code of ABAQUS. It will be detailed in Chapter 5 of the present manuscript. By considering different factors such as incident angle and velocity, a single impact is numerically simulated to study deformation and damage evolution, and different parameters such as residual stress, equivalent plastic strain, dislocation density, volume fraction of twin and damage evolution are also studied.

The results allow us to better understand the evolution of damage and other mechanical properties.

CHAPTER 3 EXPERIMENTAL STUDY

This chapter lists the main characterization techniques that have been used to characterize the properties of the SMATed samples, such as Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), and Nanoindentation. The microstructure of 304L steel was investigated by SEM and XRD. The mechanical properties of the SMATed samples were mainly studied by Nanoindentation. The details of the experimental techniques are described as follows.

SMAT equipment

Different strategies have been proposed to accomplish surface alteration, especially through the usage of nanocrystallization treatment. To obtain grain refinement, the technology called Surface Mechanical Attrition Treatment (SMAT) has been used. SMAT was first proposed by Lu et al. [START_REF] Lu | Surface nanocrystallization (SNC) of metallic materials-presentation of the concept behind a new approach[END_REF], and it is based on the vibration of the balls boosted by a high-power ultrasonic generator [START_REF] Feng | Investigation of surface nanocrystallization of a low carbon steel induced by ultrasonic shot peening[END_REF]. The electrical energy is converted into mechanical vibrations by the ultrasonic converter. The vibration is amplified by the booster and then is applied to the horn, which causes the balls in the confined chamber to actuate and hit the sample. mechanical stress or texture. XRD can be applied to study various materials. In this work, XRD 3000 X-ray diffractometer (developed by Seifert company) was used, as shown in Fig. III-3.

XRD is based on the fact that electrons in an oscillating electromagnetic field oscillate at the same frequency as the electric field. When X-ray beam hits an atom, the electrons in the atom start to oscillate at the same frequency as the incident beam.

Due to the regular/periodic pattern of atomic arrangements in the crystalline material, specific directions allow constructive interferences, i.e., the ones that fulfill the Bragg's relations. Bragg's law can be expressed as [START_REF] Maizlish | The scattering of X-rays[END_REF]:

  sin 2 d n  (Ⅲ-1)
where n is the order of reflection, generally speaking, the probability of the process drops down with increasing momentum transfer (reflection order n), so n = 1 gives the major reflection peak; λ is the wavelength of the incident X-ray beam; d is the interplanar distance;  is the Bragg angle.

As the grain size decreases, the peak of the diffraction pattern becomes wider.

Indeed, the crystallite size can be calculated according to Scherrer's formula:

  cos w K D  (Ⅲ-2)
where D is the average grain size; K is a constant that depends on how the width is determined, the shape of the crystal, and the size distribution, for example, 0.94 for Full-Width-At-Half-Maximum (FWHM) of spherical crystals with cubic symmetry and 0.89 for the integral breadth of spherical crystals cubic symmetry. With other methods, K varies from 0.62 to 2.08 [START_REF] Bazant | Endochronic Theory of Inelasticity and Failure of Concrete[END_REF]. λ is the wavelength of the incident X-ray beam; w is the peak width and  is the Bragg angle of the peak center [START_REF] Patterson | The scherrer formula for X-ray particle size determination[END_REF].

The scattering factors of individual phases were calculated by the minimization of factor R, as shown in Eq. Ⅲ-4:

M e F P R 2 2 2 2 2 cos sin 2 cos 1 1        (Ⅲ-4)
First, the lattice parameters of different crystal planes can be solved using the Bragg equation and the reflection angle, and then the lattice parameters and the value 2 / 1  are used to determine the unit cell volume.

Then the volume fraction of martensite can be calculated by measuring the integral intensity of each reflection plane of each phase with a single XRD scan according to the following equation:
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where n p is the number of peaks examined, and the subscripts  and  represent the austenite and martensite in 304L steel, respectively. Austenite peaks [START_REF] Ma | Residual Stress Measurement of AISI 304 Stainless Steel Nuclear Canister Plates by X-ray Diffraction[END_REF] and ( 220) and martensite peaks [START_REF] Zaroog | Current and Challenge of Residual Stress Measurement Techniques[END_REF] and [START_REF] Feng | Effect of shot peening on the residual stress and microstructure of duplex stainless steel[END_REF] are selected to calculate the volume fraction of the phases. It is assumed that the phase content uncertainty given by this method is less than 3% [START_REF] Haušild | Characterization of strain-induced martensitic transformation in a metastable austenitic stainless steel[END_REF]. III-4, it can be identified that there is only austenite in the sample before SMAT; while for the sample after SMAT, there is a phase transformation from austenite to martensite in the sample and the volume fraction of martensite increases up to 78%. Similar results have also been noticed in the literature [START_REF] Shen | Twinning and martensite in a 304 austenitic stainless steel[END_REF].

(i.e., free of stress), d and θ are the interplanar distance and Bragg angle in the stressed state, S1 and S2 are the radiocrystallographic elastic coefficients.

The Hooke elastic model (linear, homogeneous, and isotropic), hence assuming no macrotexture, is used to link the elastic strain to the stress. The effects of plastic deformation incompatibility and strain or stress gradients will also be ignored. The macroscopic modulus of elasticity has to be replaced by radiocrystallographic elastic coefficients S1 and ½ S2 (that may depend on hkl). We consider symmetrical Bragg-Brentano diffraction using a punctual detector. Experimentally, the stress tensor can be determined by using the approximation σ33 = 0, which is usually related to the fact that sample surface measurements and/or thin layers are considered. 

) sin sin ln( 0      elas       22 
                     S S S (Ⅲ-7)
There are two ways to solve this equation and determine the stress components:

the ellipsoid given by Eq. III.7 (related to variables ψ and  ) degenerates into an ellipse in the plane defined when plotting stress vs.  for a given  . The first method then consists of regressing the data by an ellipse and identifying the different stress components with the obtained coefficients.

Data treatment with Dölle method

The second method proposed by Dölle in the context of stress measurement consists in transforming the elliptical equation into two straight-line equations [START_REF] Dollé | Lithium insertion chemistry of phosphate phases with the lipscombite structure[END_REF].

In both cases, the operation must be repeated a minimum number of 3 times to obtain all components of the stress tensor. It is sufficient to use three angles φ such as 0 o , 45 o , and 90 o . We will introduce the Dölle method for the three angles in detail.

The Dölle method is obtained by summation, and then the difference between ψ> 0 and ψ <0. Therefore, due to the equality of terms, we obtain:
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Using the slope of these 3 lines, we get 3 equations with 3 unknowns. We can even check the sum of the three coordinates of the origin (σ11 + σ22) and compare them. Then, due to the parity of the terms, we have:
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Using the slope of these three lines, we obtain three equations, in which there are two unknowns. We can then check the consistency of the results using the third equation. In this data treatment method, it is worth noting that the interarticular distance for free stress (d0) is an important parameter which needs to be a priori known.

XRD analysis can distinguish the microstructure constituents according to their crystallographic structure. Diffraction peaks of austenite appear at different 2θ positions than the peaks of martensite, enabling to determine selectively the stress in each structure. XRD stress determination has been performed in the austenite on the {220} peak using a Cr radiation. The stress in the martensite has also been determined on the {200} peak using the same Cr radiation. Three  angles  0 ,  45 , and have been obtained by using a linear fitting tool in Origin software. A negative slope of the linear fitting implies a compressive stress state inside the sample. However, some experimental points are scattered, as shown in Fig. III-5. This can be interpreted as inhomogeneous stress distribution or stress gradients in the volume, which have been neglected for the previous data treatment. To calculate X-ray/radiocrystallographic elastic coefficients (XECs) S1 and S2, models are required. The most simple model is the isotropic model using the elastic constants Young's modulus E and Poisson's ratio v [START_REF] Wern | OF THE X-RAY STRESS ANALYSIS TECHNIQUE IN This document was presented at the Denver X-ray Conference ( DXC ) on Applications of X-ray Analysis . Sponsored by the International Centre for Diffraction Data ( ICDD ). This document is provided by ICDD in coop[END_REF] :

Calculation of XECs for stress determination

E v S E v S     1 2 1 , 2 1 (Ⅲ-16)
The XECs S1 and S2 shown in Eq. III-16 can be used to analyze the residual stress but are independent of the {hkl} reflection. More advanced models exist describing grain interactions and are based on single-crystal elastic stiffness. The Voigt model assumes that all grains have the same strain state, and the calculated XECs are independent of {hkl}. In the Voigt model, the strain in each crystal is assumed to be uniform and equal to the macro-strain. The diffraction compliances, S1 and S2, are given from the single-crystal elastic constants, cij as follows: 
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The Reuss model assumes that all grains have the same stress state, and the calculated XECs are related to {hkl}. Reuss model assumes that the stress in each 

v S           (Ⅲ-20)
where  is the angle between the normal of the diffraction plane (hkl) and the c-axis.

The mechanical elastic constants can be obtained by taking the average. The average over  in the range 0 to π of 

 2 cos is 1/3,
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Here, we use the Neerfeld-Hill model to calculate the XECs, which is based on the Voigt and Reuss models to make arithmetic mean of these two models [START_REF] Wern | OF THE X-RAY STRESS ANALYSIS TECHNIQUE IN This document was presented at the Denver X-ray Conference ( DXC ) on Applications of X-ray Analysis . Sponsored by the International Centre for Diffraction Data ( ICDD ). This document is provided by ICDD in coop[END_REF]. In the 304L steel processed by SMAT, austenite and martensite can be assumed as isotropic polycrystalline materials. Therefore, Young's modulus E and the Poisson's ratio v of austenite and martensite in the Neerfeld-Hill model can be calculated by the stiffness values proposed in Tab. III-2 [START_REF] Kim | Elastic constants and internal friction of martensitic steel, ferritic-pearlitic steel, and α-iron[END_REF]. Once Young's modulus E and the Poisson's ratio v are obtained, the radiocrystallographic elastic constants can be calculated for the austenite{220} and martensite{200} by Eqs. Ⅲ-19 and Ⅲ-20 [START_REF] Ortiz | X-Ray elastic constants in textured Zr-base materials[END_REF], and the corresponding values for XECs are as follows: 
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Stress results and discussion on experiments

With the slope of the lines fitted from experimental results, the residual stress in each direction in austenite and martensite can be calculated by Eqs. Ⅲ-8 to Ⅲ-15 as follows (values are in MPa): 
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SMATed metal alloys are almost ideal samples for XRD residual stress measurement. However, problems do arise, some related to the method itself, and some related to the nature and form of the sample.

(1) Errors due to hardware and software treatment

The XRD method requires expensive precision instruments (usually controlled by computer) and a large amount of data processing to reliably determine the position of the broad diffraction peaks to achieve the required accuracy (0.01 degree at least).

Errors in XRD residual stress measurements can come from a variety of reasons and are often difficult to detect, as previously mentioned.

(

2) Stress gradients

The near-surface residual stress gradient is the rapid change of residual stress with surface depth and the main source of systematic error, which directly affects the use of XRD methods for non-destructive surface measurement. Presently, the measure is averaged in all the penetration depth. Many surface treatments produce a residual stress distribution that changes rapidly near the surface of the material. The attenuation rate of the X-ray beam can be determined by calculating the linear absorption coefficient from the density and the composition of the alloy. If XRD measurements are performed at small increments of depth by electropolishing, the true residual stress distribution could be calculated from the apparent distribution.

(3) Effects of prior processing When using residual stress measurement to study SMAT, it is important to realize that the residual stress distribution after SMAT depends not only on the SMAT parameters used but also on the previous processing of the material. e.g., carburizing before SMAT. Liu et al. [START_REF] Liu | Effect of surface nanocrystallization on low-temperature gas carburization for AISI 316L austenitic stainless steel[END_REF] studied the effect of surface nanocrystallization on low-temperature gas carburization (LTGC) for AISI 316L austenitic stainless steel treated with shot peening. The stress distribution can be observed under the surface of the region with the decarburized surface layer on the same sample as the original sample, and then the sample is electropolished to remove the decarburized layer. The results show that even two regions are treated by the same shot peening conditions, the residual surface stress in the decarburization area is greatly reduced.

(4) The ambiguity of results measured from the top surface Non-destructive surface XRD residual stress measurements are often insufficient to characterize the residual stresses produced by SMAT. All cold-grinding processes, such as grinding, wire brushing, polishing, sandblasting, and shot peening, can induce additional compressive surface stresses, usually of comparable magnitude. If several micrometers are removed by etching, residual stress induced by SMAT can be eliminated, and the surface stress would be nearly identical to the original one before SMAT [START_REF] Prevéy | X-Ray Diffraction Characterization of Residual Stresses Produced By Shot Peening[END_REF].

Stress uncertainties

It is worth noting that calibration of the XRD machine is initially performed by use of a standard sample, especially to ensure that no stress arises from measurement on a powder sample. Secondly, before each measurement, the height of the sample surface is controlled and positioned with accuracy to avoid systematic errors. However, as for other experiments, the residual stress measurement technologies are not perfect, and imperfections cause measurement uncertainties in the measurement results. In this case, uncertainty statements are required. The three main factors that have the greatest impact on measurement uncertainty are the measurement repeatability, the calculation of the stress constant K, and the slope fitting for stress factor M determination.

One important for these uncertainties for XRD is the measurement of the unstressed d-spacing. There are several ways to determine the unstressed lattice spacing d0. Since the difference between the lattice spacing value measured at ψ = 0 and the unstressed lattice spacing does not exceed 0.1%, the intercept can be substituted by d0. Residual stresses can then be calculated without reference to unstressed standards. Another method uses data obtained during stress measurements.

If the stress state is biaxial, the method can be used to determine d0 from the d vs.

sin 2 ψ curve. The method of determining unstressed d-space influences the accuracy of measurements. Increasing d0 will reduce the magnitude of the measured residual stress [START_REF] Lu | Handbook of measurement of residual stresses[END_REF].

In addition to the above factors, many parameters may also cause measurement uncertainties, such as the number of ψ angles of the sin²ψ technique, the peak position method, the plane curvature, the aperture dimension, and the fluctuation of the beam.

However, X-ray diffraction is one of the most advanced methods that can be used to determine residual stress. There are many improvements in the hardware and software of XRD equipment and the calculation of correction factors to improve XRD measurement accuracy. The residual stress measurement accuracy of the XRD method is presently around ± 20 MPa as it will be further proved. The penetration depth of X-ray for 304L steel is around 20 μm for the considered wavelength and geometrical measurement conditions [START_REF] Zaroog | Current and Challenge of Residual Stress Measurement Techniques[END_REF], [START_REF] Ma | Residual Stress Measurement of AISI 304 Stainless Steel Nuclear Canister Plates by X-ray Diffraction[END_REF].

We will now propose a systematic treatment of the three above listed kind of uncertainties:

(1) Uncertainty of the measurement repeatability Three measurements were performed on the 304L steel, and the results are shown in Tab. III-3. The average value of the test results is calculated, and the standard deviation is obtained. The uncertainty component introduced by the repeatability of the measurement results ) ( U is [START_REF]ISO/IEC 17025 General requirements for the competence of testing and calibration laboratories[END_REF], [START_REF]Non-destructive Testing -Test Method for Residual Stress analysis by X-ray Diffraction[END_REF]:

t n x s U ) ( ) (   (Ⅲ-26) where ) (x s
is the standard deviation, t n is the number of measurements (here

3  t n
). The results are given in Tab. III-4. (2) Uncertainty of the stress constant K

The operator will estimate or select a stress constant based on the material information provided. The error  between the estimated value and the real value is usually within ± 3%. The uncertainty of stress constant ) (K U can be obtained by [START_REF]ISO/IEC 17025 General requirements for the competence of testing and calibration laboratories[END_REF], [START_REF]Non-destructive Testing -Test Method for Residual Stress analysis by X-ray Diffraction[END_REF]:
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where m  is the average residual stress, t k is the confidence factor, usually 3

 t k
.

The results are given in Tab. III-5. (3) Uncertainty of the stress factor M

The uncertainty of stress factor M obeys the uniform distribution. The

uncertainty of stress constant ) (M U
is affected by many factors, and it is quite difficult to determine. We assume that the value of ) (M U is 1 MPa as proposed in [START_REF]ISO/IEC 17025 General requirements for the competence of testing and calibration laboratories[END_REF], [START_REF]Non-destructive Testing -Test Method for Residual Stress analysis by X-ray Diffraction[END_REF]. The synthetic uncertainty is calculated as follows:

) ( ) ( ) ( ) ( 2 2 2 M U K U U U c      (Ⅲ-28) Tab. III-6 gives the synthetic uncertainty ) ( c U
for the different stress components.

Tab. III-6. The synthetic uncertainty.

Stress component

The According to international standards [START_REF]ISO/IEC 17025 General requirements for the competence of testing and calibration laboratories[END_REF], [START_REF]Non-destructive Testing -Test Method for Residual Stress analysis by X-ray Diffraction[END_REF], with a confidence probability of 95% and a factor ki = 2, the expanded uncertainty U is:

) ( c i U k U  (Ⅲ-29)
Hence we can obtain the residual stress and corresponding uncertainties in different directions for austenite and martensite as follows: , respectively. A negative hydrostatic stress means that the residual stress in martensite is compressive. Thus, after SMAT, due to the mutual mechanical constraints between the phases, austenite will be in a compressed state, and martensite will be in a stretched state. This result is in good agreement with previous studies [START_REF] Unal | Surface severe plastic deformation of AISI 304 via conventional shot peening, severe shot peening and repeening[END_REF]. . According to the reference [START_REF] Nikitin | Comparison of the fatigue behavior and residual stress stability of laser-shock peened and deep rolled austenitic stainless steel AISI 304 in the temperature range 25-600 °C[END_REF], the maximum residual stress of austenite is on the top surface while for martensite, the maximum residual stress located below the surface (with an average distance at 20 µm). This is because, for austenite with lower hardness, plastic stretching in the area on the surface dominates, and the maximum elongation occurs on the surface and decreases with the increase in the depth towards the center.
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However, on the surface for martensite with a higher hardness, due to the Hertz pressure distribution below the surface, a significant maximum residual stress will appear compared to our case. This is because the Hertzian pressure distribution under the shot of an impact predicts the maximum stress at a point below the surface.

Fatigue cracks are not easily generated or propagated on the specimen surface under compression, SMAT can push the crack initiation point beneath the compressive residual stress zone, therefore, the slight surface roughness caused by SMAT does not lead to a reduction of fatigue strength, when the roughness is severe, the craters and folds produced by SMAT treatment may be the origin of the cracks, SMAT treatment can actually reduce the fatigue strength, which is called overtreatment, and overtreatment reduces the fatigue strength [START_REF] Sharp | THE FATIGUE RESISTANCE OF PEENED 7050-T7451 ALUMINIUM ALLOY-REPAIR AND RE-TREATMENT OF A COMPONENT SURFACE[END_REF]. Previous studies have shown that SMAT will affect fatigue strength, so it is important to quantify the contribution of residual stress to fatigue strength [START_REF] Sharp | THE FATIGUE RESISTANCE OF PEENED 7050-T7451 ALUMINIUM ALLOY-REPAIR AND RE-TREATMENT OF A COMPONENT SURFACE[END_REF], [START_REF] James | The relaxation of residual stresses during fatigue[END_REF]. However, in reality, the residual stress is usually subjected to mechanical and/or thermal loads, so the residual stress may be redistributed and relaxed. The relaxation of residual stress reduces the achievable benefits of shot peening and makes life prediction more difficult.

Therefore, studying the effect of effective shear stress after SMAT treatment on residual stress may help predict the life of materials [START_REF] Liu | Fatigue life prediction of shot-peened steel[END_REF]. Since hydrostatic stress does not cause yielding alone, we can find a plane of material called an octahedron plane, in which the stress state can be decomposed into dilatation strain energy and distortion strain energy. On the octahedron plane, the octahedral normal stress only contributes to the expansion of strain energy. The remaining stain energy under stress is determined by the octahedral shear stress and is given by: 
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From Eq. Ⅲ-32, the octahedral shear stress of austenite and martensite can be calculated, which are , respectively. It can be seen that the octahedral shear stress of austenite is at least two times higher than that of martensite. According to the reference [START_REF] Girish | Influence of shot peening on the surface durability of thermomechanically treated en 24 steel spur gears[END_REF], after shot peening, the introduction of residual stress leads to an increase in the octahedron shear stress of the surface, and this increase in the subsurface area is more obvious than in the surface area because the residual stress amplitude in the subsurface areas is larger.

Nanoindentation

To understand the mechanical behavior of SMATed materials, it is important to characterize the mechanical properties of the different mechanically deformed regions at different depths, especially in the nanostructured layer. Characterization of the local mechanical behavior of the nanostructured layer is quite difficult, because of its very small thickness (from several microns to tens of microns, depending on SMAT intensity). To measure the mechanical properties of small-sized materials, nanoindentation can be used to measure the indentation hardness. This is interesting because the indenter size and the load of the nanoindentation are relatively small, and the smallest area that can be measured can reach a few square microns or even nanometers [START_REF] Herrmann | Progress in determination of the area function of indenters used for nanoindentation[END_REF].

For nanoindentation, the indenter has a known high-precision geometry. The depth and the area of the indentation can be determined through the geometry of the indenter. During the experiment, the indenter is subjected to an increasing load. The tip of the head is pressed into the sample until a specific value is reached. In this process, the load and the displacement of the indenter are recorded to draw the load-displacement curve, and the mechanical properties of the material can be analyzed through the load-displacement curve [START_REF] Schuh | Nanoindentation studies of materials[END_REF]. The nanoindenter XP (nanoindentation, Knoxville, TN) is used in the present work. Nanoindenter XP microprobe hardware consists of an indenter, a positioning microscope, and a controlling hardware. A variety of tip geometries are available, including Berkovitch, cube corner, and cone. Tab. III-7 gives the range and resolution of nanoindenter XP with different load modes. For the indentation head assembly, the displacement resolution is less than 0.01 nm, the total usable indenter travel is 1.5 mm, and the max indentation depth is larger than 500 µm. For the load application by coil/magnet assembly, the load resolution is 50 nN, and the load frame stiffness is 1*10 7 N/m. The motorized x-y sample manipulation table is under computer mouse control.

Positioning accuracy is 1.5 µm, due to a high-performance vibration isolation system:

Air isolation table and passive environmental enclosure. The optical imaging system with 4X and 40X lenses is fully automated with computerized data acquisition and control system. Nanoindentation can measure the mechanical properties of many materials, such as Young's modulus, which describes the stiffness of the material and defines the relationship between strain and stress in the elastic domain. Other measurements, including fatigue, elastoplasticity, and viscoelastic deformation, can also be achieved by nanoindentation [START_REF] Fischer-Cripps | Nanoindentation. Mechanical Engineering Series[END_REF]. Nanoindentation is also an important tool for measuring the mechanical properties of small-sized materials, and the indentation depth can range from tens of nanometers to more than one micron [START_REF] Li | Three-dimensional crystal plasticity finite element simulation of nanoindentation on aluminium alloy 2024[END_REF]. This technique has been widely used by researchers all over the world to study elastic modulus, hardness, size effect, sinking-in, and piling up.

Factors affecting nanoindentation on SMATed material

In conventional indentation testing, the projected area between the indenter and the sample at maximum load, the depth of contact, and the stiffness at unloading are usually used to calculate hardness and Young's modulus. Various errors may occur in the process of obtaining these parameters, resulting in deviations from reliable and accurate measurement results. Some of these factors are caused by environmental changes, such as thermal drift during testing (because nano-indent displacement sensors are sensitive to sub-nanometer displacements). Any thermal expansion of the indenter, the indenter shaft, and the specimens during the test may be caused by temperature changes and can be incorporated into the test results. The indentation shape of the nanoindentation is also related to whether the indentation dimensions are ideal, because the projected area is calculated based on the geometry of the indentation. Other factors are material-related issues that may affect the validity of the results, such as indentation size effects and piling up/sinking. The sensitivity of nanoindentation tests to these factors is the subject of ongoing researches. The most common factors and methods are given as follows.

(1) Geometrical drifts Two types of drift behavior may occur during nanoindentation testing, which will affect the recording of depth data [START_REF] Montagne | A new insight on reversible deformation and incipient plasticity during nanoindentation test in MgO[END_REF]. The first is the creep within the sample material due to plastic flow when the force load is held constant. The problem can be solved by increasing the peak holding time (duration held at peak loading). The second type of drift is caused by dimensional changes caused by thermal expansion or contraction of the device, which is called thermal drift, and it can cause errors in actual depth data. To solve this problem, the rate of change of depth over time needs to be measured for a constant load value during the indentation test.

(2) Piling up and sinking in phenomena Young's modulus can be calculated by nanoindentation using the Oliver-Pharr method of indentation, where the key parameters are the contact depth stiffness and the projected area between the indenter and the material [START_REF] Wang | Orientation dependence of nanoindentation pile-up patterns and of nanoindentation microtextures in copper single crystals[END_REF]. During the nanoindentation test, piling up and sinking in phenomena may occur. Tabor in his classic work (The hardness of metals) describes both phenomena as a noticeable deformation of the metal around the indentation [125]. On one hand, the displaced metal will squeeze upwards, forming a raised crater, which is called piling up. On the other hand, metal tends to be depressed around the indentation, which is called sinking in. The piling up and sinking in phenomena will affect the measurement accordingly.

(3) Initial contact point At the beginning of indentation test, the indenter needs to be in contact with the surface. Ideally, the penetration depth is measured based on the level of the sample surface, which is a function of the controlled load. However, in practice, the indenter must be in contact with the sample surface before the depth measurement is performed [START_REF] Montagne | A new insight on reversible deformation and incipient plasticity during nanoindentation test in MgO[END_REF], [START_REF] Li | A review of nanoindentation continuous stiffness measurement technique and its applications[END_REF], [START_REF] Tze | Nanoindentation of wood cell walls: Continuous stiffness and hardness measurements[END_REF]. Therefore, it is necessary to make actual contact with the sample surface to record the depth. To this end, an initial contact point is given at the beginning of the test to bring the indenter into contact with the sample. This value is usually set as small as possible to minimize the corresponding error. However, no matter how small the initial indentation depth, there is always a corresponding error in the indentation depth data. The initial indentation depth can be corrected by the Hertz equation, which gives the relationship between the load and the penetration of the elastic response [START_REF] Montagne | A new insight on reversible deformation and incipient plasticity during nanoindentation test in MgO[END_REF].

(4) Indentation size effect Indentation size effects are usually observed during the nanoindentation of certain materials, which is exhibited through the change of hardness and modulus with indentation depth. According to references [START_REF] Montagne | A new insight on reversible deformation and incipient plasticity during nanoindentation test in MgO[END_REF], [START_REF] Li | A review of nanoindentation continuous stiffness measurement technique and its applications[END_REF], [START_REF] Tze | Nanoindentation of wood cell walls: Continuous stiffness and hardness measurements[END_REF], continuously measured hardness is a function of the depth of the indentation. For small depth, the measured hardness is higher, but for homogeneous, isotropic materials, it is desirable to measure a hardness/modulus value regardless of the indentation depth. There are many reasons for this phenomenon, such as thinner layers than bulk materials, residual stress, strain hardening during sample preparation and polishing, and friction between the indenter and the sample. But all of the above factors can be minimized.

Although the effect can be minimized, the effect of indentation size is still observed as a result of dislocation nucleation in the plastic region, especially for soft materials.

(5) Residual stress

Residual stresses are usually produced by inhomogeneous heat treatment, or local plastic deformation involving bulk solids, films, or coatings used in various industrial components [START_REF] Mann | Residual stress near single shot peening impingements determined by nanoindentation and numerical simulations[END_REF]. The residual stress fields in these components affect their properties (such as fatigue strength, wear, and fracture) and have a significant impact. In the process of nanoindentation measurement, residual stress can affect the measurement of hardness and Young's modulus, load-displacement curve, piling up, and true contact area. For compressive residual stress, a higher indentation load is required to reach a given indentation depth, and the nanoindentation unloading curve moves to the left with low residual stress, while for tensile residual stress, the opposite effect can be observed.

As already mentioned, SMAT can introduce severe plastic deformation along the cross-section of the sample, where a gradient microstructure is formed. During SMAT, grain size effect, residual stress effect, and phase transformation are induced as a function of the depth, and they can influence the properties.

Grain refinement can be achieved by SMAT, and mechanical properties are determined by the corresponding microstructure of the material [START_REF] Montagne | A new insight on reversible deformation and incipient plasticity during nanoindentation test in MgO[END_REF]. As a result, materials with nanocrystalline structures often exhibit excellent physical and chemical properties. In the case of nanoindentation, grain refinement has a significant effect on the mechanical properties of the material such as hardness and indentation size effects.

Analysis of the load-displacement curves.

In this section, we focus on the gradient microstructures generated by SMAT, especially the nanostructured layer at the top surface of the treated surface. apparent grain size and phase transformation characteristics, i.e., the load will be lower when the distance from the top surface is deeper (the grain size is larger) in nanocrystalline layer and transition layer. For example, when the depth h increases from 8 μm to 500 μm, the maximum peak force varies from approximately 80 to 70 mN, and the minimum peak force varies from about 70 to 50 mN. Meanwhile, at the same depth (same grain size), the L-D curves at different positions show significant differences, i.e., for depth h = 500 μm, the maximum peak force is approximately 70 mN, and the minimum peak force is about 50 mN. This is because the martensitic transformation decreases gradually along the depth, and the mechanical properties of martensite and austenite are different, as the martensite strength and stiffness are stronger than austenite ones. Hence, a higher peak force means a higher martensitic transformation content under the indenter. However, this difference becomes smaller when the depth decreases, because when the depth decreases, the grain size becomes relatively high. When the only martensite exists under the indenter, the slope and peak force of the LD curve are the highest. When both austenite and martensite exist under the indenter, the slope and peak force of the LD curve will be between the two values.

The peak force is thus related to the different ratios/amount of austenite and martensite under the indenter. When the percentage of martensite is relatively large, the slope and peak force will also be larger. Therefore, because of the martensitic transformation in 304L steel, nanoindentation analysis performed to study the mechanical properties after SMAT processing will be complicated while analyzing the mechanical properties of materials at different depths with different grain sizes because of the evolution of the martensite content.

To study the influence of the grain size and strain rate on the peak force of the nanoindentation, the distribution of the average peak force of the L-D curves of the nanoindentation at different depths with different strain rates is shown in Fig. III-10.

It can be seen that the maximum load increased by about 20% from the core region to the nanocrystalline area with a strain rate of 0.5/s. The maximum indentation load is stabilized at a depth of about 300 μm from the top surface, which indicates that the depth of the SMAT affected region is at least 300 μm. Meanwhile, with the same strain rate, the peak force first increases with the depth; then, when the depth is about 20 μm, the peak force reaches its maximum value; then the peak force decreases with the depth increasing in the affected region. This is because when the indentation depth of the indenter is constant, the peak force is mainly affected by the hardness.

According to the study of [START_REF] Tosha | Influence of Residual Stresses on the Hardness Number in the Affected Layer Produced by Shot Peening[END_REF], the hardness is directly proportional to the compressive residual stress. The XRD analysis in Section 3.1 shows that for SMATed 304L steel, the residual stress of austenite is compressive residual stress. The residual stress in martensite is tensile residual stress. This residual stress increases with depth within a small depth range of the surface when the depth is smaller than 20 μm according to the reference [START_REF] Chen | Investigation of ductile damage during surface mechanical attrition treatment for TWIP steels using a dislocation density based viscoplasticity and damage models[END_REF], where the residual stress reaches a maximum value.

Then the residual stress decreases with the depth increasing in the affected region.

Except for the compressive residual stress and martensitic transformation, grain refinement and strain hardening can also lead to a high indentation load. When SMAT intensity is high, the significant changes induced by SMAT are mainly compressive residual stress, grain refinement, and martensitic transformation compared to the core non-affected region. If SMAT intensity is low, there will be no grain refinement and martensitic transformation [START_REF] Zhou | Effect of surface mechanical attrition treatment on low cycle fatigue properties of an austenitic stainless steel[END_REF]. Therefore, a higher indentation load in the strongly affected nanocrystalline region may lead to information on the grain refinement, compressive residual stress, and martensitic transformation. Many works have been done to study the effect of residual stress on the nanoindentation load [START_REF] Zhu | Effect of residual stress on the nanoindentation response of (100) copper single crystal[END_REF]- [START_REF] Mady | Effects of mechanical properties, residual stress and indenter tip geometry on instrumented indentation data in thin films[END_REF].

The nanoindentation performed by Zhu [START_REF] Zhu | Effect of residual stress on the nanoindentation response of (100) copper single crystal[END_REF] on single crystal copper with different residual stress levels from -137.4 MPa to 68.4 MPa shows that the influence of residual stress on indentation is negligible, which is only a few μN compared to the maximum load which usually is several mN. The finite element method was conducted by Mady [START_REF] Mady | Effects of mechanical properties, residual stress and indenter tip geometry on instrumented indentation data in thin films[END_REF] to investigate the influence of residual stress during the indentation loading on 8009 aluminum alloy. The residual stress simulated ranges from -300 MPa to 500 Mpa. The results indicated that the maximum indentation load increased by about 1 mN with an increase of compressive residual stress by 300 MPa.

Mady [START_REF] Mady | Effects of mechanical properties, residual stress and indenter tip geometry on instrumented indentation data in thin films[END_REF] also found similar results by using the finite element method to simulate the ceramic films. The maximum load increased by 2 mN when the compressive residual stress increased by 5 GPa.

In our work, 304L steel is studied, which has a higher Young's modulus, and hardness compared to aluminum and copper. From Fig. III-10, it can be seen that the strain rate has a significant influence on the peak force of nanoindentation. When the strain rate is higher, the average peak force is also larger, i.e., when the strain rate increased from 0.005/s to 0.5/s, the average peak force increased by 10% of the average peak force.

For a sharp indenter, the L-D curve generally follows the relation

2 Ch P  ,
where P is the load and h is the displacement into the sample. C is the loading curvature, which is a measure of the "resistance" of the material to indentation. The shape of the L-D curve, and especially the loading curvature, C, gives important information about the indented material. According to the references, the mechanical properties of the indented material and residual stress influence the loading curvature.

Khan [START_REF] Khan | Effect of residual stress on the nanoindentation response of aerospace aluminium alloys[END_REF] studied the nanoindentation response of an aerospace-grade aluminum alloy to investigate the effect of residual stresses. He found out that tensile and compressive residual stresses lead to changes in the nanoindentation L-D curves and the curvature of the loading curve was found to have a linear relationship with residual stress in both compressive or tensile regions.

Another important mechanical property that influences the loading curvature is the strain hardening exponent, n, according to the study of Lee [START_REF] Lee | Reverse analysis of nano-indentation using different representative strains and residual indentation profiles[END_REF]. They aim to reduce

Conclusions

In this chapter, 304L steel was briefly introduced and chosen as the target material for SMAT treatment to obtain experimental results. The SMAT conditions for the 304L steel and the sample preparation procedure for XRD and Nanoindentation were listed as well.

XRD analysis results show that about 78% volume fraction of martensite was found due to strain-induced transformation. And, after SMAT, austenite will be in compression and martensite in tension as a result of the mutual constraints between them.

For the nanoindentation test, the factors affecting nanoindentation on SMATed material were briefly introduced. The obtained results (load-displacement, peak force, and average peak force) are interpreted subsequently in terms of SMAT that induced changes along the cross-section of the SMATed samples. The results show that the grain size, martensitic phase transformation, and strain rate have a significant influence on the mechanical properties derived from nanoindentation. The mechanical behavior of TWIP/TRIP steels related to the evolution of their microstructure during deformation has also been extensively studied [START_REF] De Cooman | Structure-properties relationship in TRIP steels containing carbide-free bainite[END_REF]- [START_REF] Mahieu | Phase transformation and mechanical properties of Si-free CMnAl transformation-induced plasticity-aided steel[END_REF].

Moreover, the deformation mechanisms of this steel, even complex, have been quite

well documented [START_REF] Frija | Finite element modelling of shot peening process: Prediction of the compressive residual stresses, the plastic deformations and the surface integrity[END_REF]. From a metallurgical point of view, the SFE range of TWIP/TRIP steel is very narrow (according to [START_REF] Galindo-Nava | Understanding martensite and twin formation in austenitic steels: A model describing TRIP and TWIP effects[END_REF], from 15 to 22 mJ/m -2 ), but is essential to ensure the presence of twinning and martensitic transformations during deformation [START_REF] Pierce | The influence of stacking fault energy on the microstructural and strain-hardening evolution of Fe-Mn-Al-Si steels during tensile deformation[END_REF]. For these materials, plastic deformation can induce twinning and martensitic transformation during material deformation [START_REF] Bouaziz | Effect of grain and twin boundaries on the hardening mechanisms of twinning-induced plasticity steels[END_REF]- [START_REF] Seo | Micro-plasticity of medium Mn austenitic steel: Perfect dislocation plasticity and deformation twinning[END_REF]. The presence of twins would effectively reduce the mean free path. Due to its higher strength compared to the original austenite before transformation, the resulting martensite makes the alloy harder and stronger [START_REF] Talonen | Formation of shear bands and strain-induced martensite during plastic deformation of metastable austenitic stainless steels[END_REF]. Therefore, it is meaningful to study the simultaneous effects of twinning and martensitic transformation on material strength and plasticity from a modeling point of view. 

Dislocation density-based model

One goal of this work is to model the mechanical behavior of TWIP/TRIP steels during material processing such as SMAT, which could simultaneously create deformation-induced twinning and martensitic transformation. It is important to notice that the deformation process during SMAT inevitably causes an increase in temperature of the deformed material, as highlighted through particle impact simulations using a dislocation-based material model [START_REF] Lemiale | Forming nanocrystalline structures in metal particle impact[END_REF]. However, according to [START_REF] Lu | Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment[END_REF], the temperature at the surface of materials is about 50-100°C, which varies with the intensity of impacts and the treated materials. As the rising of the temperature is not very high for the steels compared to their melting temperature, the effect of the temperature is thus not considered in this work. It is important to note that strain rate may influence the mechanical behavior, for example, by changing the kinetics of martensitic transformation. During SMAT, maximum strain rate can reach 10 5/ s evaluated through both numerical simulations [START_REF] Zhang | A computational study of plastic deformation in AISI 304 induced by surface mechanical attrition treatment[END_REF] and experiments [START_REF] Tao | Development of Nanostructures in Metallic Materials with Low Stacking Fault Energies during Surface Mechanical Attrition Treatment (SMAT)[END_REF]. It would be thus interesting to take into account the strain rate in the model to describe more precisely the impacting process. However, according to the results presented in the literature, the effect of strain rate is significant only when the accumulated plastic strain is very high [START_REF] Hecker | Effects of Strain State and Strain Rate on Deformation-Induced Transformation in 304 Stainless Steel: Part I. Magnetic Measurements and Mechanical Behavior[END_REF].

In this dislocation density constitutive model, assumptions are proposed to calculate the flow stress for TWIP/TRIP steels. These assumptions are as follows:

1. The material is assumed to be isotropic with elastic-plastic behavior which obeys a dislocation density hardening rule with finite deformation, and the viscosity is not considered;

2. As this work aims to study the effect of one single impact, and the reached plastic strain is not high (less than 0.1), the strain rate is not taken into account in the constitutive model of this chapter. In this work, only the plasticity part is further modified, and for the elasticity, the stress and strain obey Hooke's model;

3. As the maximum strain of the material during SMAT is much smaller than the fracture strain of the material, so we mainly consider the elastoplasticity properties of the material, and the damage is not considered in our model;

4. Flow stress only depends on the plastic strain, not on other relevant process parameters such as strain rate or temperature; 5. Regarding the contribution of twinning and martensitic transformation to the overall deformation, it is assumed that the contribution of slip, twinning and martensitic transformation to the overall deformation obeying a mixing rule;

6. Flow stress is assumed to be determined by the flow stress of both austenite and martensite, which can be calculated using a mixing rule, taking into account the weighted sum of the contributions in austenite and martensite. And the twining is assumed only to occur in austenite and only contributes to the flow stress of austenite.

Consequently, to take into account of the contribution of both twinning and martensitic transformation, the variation of the total plastic shear strain can be described using a mixing rule expressed as follows [START_REF] Remy | Kinetics of f.c.c. deformation twinning and its relationship to stress-strain behaviour[END_REF]:

      m m t t a t m d f df d f f d          1 1 (IV-1)
The total effective plastic shear strain  is combined with austenite, martensite and twins: a  is the shear strain caused by dislocation slip in austenite, t  is the twin shear strain, m  is the shear strain due to dislocation slip in martensite, and t f , m f are the volume fraction of twin and martensite respectively. Throughout this chapter, the following subscripts a and m refer to austenite and martensite, respectively.

Since the strain energy of the Shockley local dislocation is related to the energy of perfect dislocations, the following linear relationship between the shear strain due to dislocation slip in martensite m  and dislocation slip in austenite a  is considered, as proposed by [START_REF] Galindo-Nava | Understanding martensite and twin formation in austenitic steels: A model describing TRIP and TWIP effects[END_REF]:

a m kd d    (IV-2)
where k is a material parameter.

According to Olson and Cohen [START_REF] Shin | Kinetics of deformation induced martensitic transformation in a 304 stainless steel[END_REF], [START_REF] Bouaziz | Modelling of TWIP effect on work-hardening[END_REF], the kinetics of mechanical twinning can be considered similar to the kinetics of martensitic transformation. Therefore, the volume fraction of twin and martensite can be expressed as a function of the effective plastic strain  which is a scalar (calculated by

p ij p ij    3 2 
), for example:

        exp 1 * max . t t f f (IV-3) = . * (1 -exp ( -m 1 -exp * ( -uε)) ) (IV-4)
where  , m ,  and n are material parameters, max The effective plastic shear strain  and the effective plastic strain  are related by the Taylor factor M, which is a scalar, through the following relationship [START_REF] Bouaziz | Effect of grain and twin boundaries on the hardening mechanisms of twinning-induced plasticity steels[END_REF]:

  M  (IV-5)
From Eqs. IV-1 to IV-5, the derivative of the effective plastic shear strain due to dislocation slip in austenite a  and martensite m  with respect to the effective plastic strain , can be respectively deduced as follow:
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The flow stress  , which is a scalar, represents the instantaneous value of the stress required to continue the plastic deformation of the material. It can be calculated using a mixing rule, taking into account the weighted sum of the contributions in austenite and martensite [START_REF] Perdahcioglu | A macroscopic model to simulate the mechanically induced martensitic transformation in metastable austenitic stainless steels[END_REF], [START_REF] Li | Quantitative analysis of strength and plasticity of a 304 stainless steel based on the stress-strain curve[END_REF]:

  m m a m f f       1 (IV-8)
The relation between the flow stress  and the dislocation density  for both the austenite and the martensite is assumed to obey the classical form [START_REF] Allain | Constitutive model of the TWIP effect in a polycrystalline high manganese content austenitic steel[END_REF]:

i i i i i i b MG       0 m a i ,  (IV-9)
where 0  is the initial flow stress of the material,  is a material parameter, M is the Taylor factor previously introduced. G and b are the shear modulus and the Burgers vector, respectively.

It is important to note that the strain rate can affect the mechanical properties and can change the kinetics of twinning and martensitic transformation.

Therefore, the evolution of dislocation density is described by the following differential equations, based on the Mecking-Kocks theory [START_REF] Mecking | Kinetics of flow and strain-hardening[END_REF]:

i i i i i i K b d d     . 1    m a i ,  (IV-10)
where  K is the parameter related to the athermal dislocation dynamic recovery, and  is the dislocation mean free path, which can be calculated using:

i i p i i K d  . 1 1    m a i ,  (IV-11)
where d is the grain size, p K is the parameter related to the athermal dislocation storage. Note that p K describes the pile-up of dislocations on the forest dislocation obstacles.

In austenite, the mechanical twin boundaries act as strong obstacles for the movement of dislocations. Therefore, the dislocation means free path in austenite a  can be modified to take into account the influence of twinning:

a pa t a a K d       1 1 1 (IV-12)
where t  is the average twin spacing. The volume fraction of twin t f and the average twin thickness t c both contribute to the average twin spacing t  with the following equation [START_REF] Steinmetz | Revealing the strain-hardening behavior of twinning-induced plasticity steels: Theory, simulations, experiments[END_REF]:

t t t t f f c   1 2  (IV-13)
From Eqs. IV-9 to IV-13, the relationship between the dislocation density  and the shear strain due to dislocation slip  can be expressed as:
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Finally, from Eqs. IV-7 to IV-8 and IV-14 to IV-15, the dislocation density evolution with respect to the effective plastic strain  can be expressed as follows for the austenite and the martensite, respectively:
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(IV-17)

Model parameters

The primary purpose of this chapter is to introduce the developed model by considering twinning and martensitic transformation in TWIP/TRIP steel. Therefore, in this chapter, parameter values are taken directly from the literature or fitted according to the experimental results obtained in some articles [START_REF] Latypov | Micromechanical finite element analysis of strain partitioning in multiphase medium manganese TWIP+TRIP steel[END_REF], [START_REF] Liu | Strain hardening model of twinning induced plasticity steel at different temperatures[END_REF]. Tab. IV-1

summarizes the values of all the parameters mentioned in Section 4.2. The physical meaning of each parameter is also given to facilitate the comprehension of the model. 

Model validation

As shown in Section 4.2, the model developed in this work is based on the evolution of dislocation density, which enables the description of twinning and phase transformation during material deformation. To verify the implementation of the model, the uniaxial tensile results of a TWIP/TRIP steel studied experimentally by Latypov et al. [START_REF] Latypov | Micromechanical finite element analysis of strain partitioning in multiphase medium manganese TWIP+TRIP steel[END_REF] were used to examine the evolution of the different variables involved in the model. The stress-plastic strain curve is first plotted, as shown in Fig.

IV-1. It can be seen that there is a reasonable agreement between the stress-strain curve predicted by the model (solid line) and the experimental curve (solid square point) given in [START_REF] Latypov | Micromechanical finite element analysis of strain partitioning in multiphase medium manganese TWIP+TRIP steel[END_REF]. The good agreement between the two curves also means that the model should be able to describe the strain hardening behavior of TWIP/TRIP steel.

In addition to the overall stress-strain curve, the stress evolution curve is plotted as a function of strain both in austenite and martensite. It can be seen that the flow stresses of the austenite and the martensite increase continuously with deformation (Fig. IV-1). ,

Grain size of austenite and martensite 58 µm [START_REF] Latypov | Micromechanical finite element analysis of strain partitioning in multiphase medium manganese TWIP+TRIP steel[END_REF]  0 ,  0 Initial dislocation density of austenite and martensite 1×10 10 m -2 , 1×10 shows the predicted evolution of the twin and martensite volume fractions. It can be observed that the evolution of the martensite volume fraction is consistent with the experimentally curves presented in [START_REF] Latypov | Micromechanical finite element analysis of strain partitioning in multiphase medium manganese TWIP+TRIP steel[END_REF]. At the beginning of the deformation process, the increase in the volume fraction of the martensite is quite slight, since the curve is almost horizontal and the slope is very small. Then, as the applied deformation increases, the volume fraction of the martensite increases sharply, and this increase remains important until the high strain level (Fig. IV-2a). For the evolution of twinning, the increase of the volume fraction of twin at the beginning of the deformation loading is fast, and when the total strain is higher than 0.15, this increase is reduced (Fig. IV-2b). Figs. IV-3a and IV-3b show the evolution of dislocation density inside the austenite and martensite, respectively, calculated using Eqs. IV-16

and IV-17. 

Finite element model

As mentioned above, SMAT is based on repeated impact loadings between the material and spherical balls. Therefore, the final metallurgical parameters, obtained by SMAT, such as grain refinement and work hardening, strongly depend on the basic response of the material under a single impact loading. It is interesting to study such a basic case by use of the previous modeling. To numerically simulate such a single impact process during SMAT, the model given above is implemented in the subroutine VUMAT of the code ABAQUS. A three-dimensional finite element (FE) part has been built with a cylindrical shape (Fig. IV-4). The part has a diameter of 8 mm and is large enough compared to the ball size (2 mm). The height of the cylinder is 1 mm, which is much higher than the mechanical depth achieved by a single impact load (around 200 µm). These chosen dimensions allow avoiding the effects of boundary conditions on numerical simulation results.

The cylindrical model is meshed with the eight-node incompatible mode brick element (C3D8I). The C3D8I element is an improved version of the C3D8-element.

In particular, shear locking is removed, and volumetric locking is much reduced. This is obtained by supplementing the standard shape functions with specific functions, which have a zero value at all nodes and non-zero values only in between.

The ball and the target material are assumed to be isotropic and homogeneous, and the general contact is defined between them, which can define contact between many or all regions of a model with a single interaction. To reduce computation time and ensure satisfactory accuracy, the mesh in the area affected by the ball is much finer than the mesh in other places. For the target material, in addition to the parameters presented in Tab. IV-1, other material constants such as Young's modulus, mass density, and Poisson's ratio are respectively taken as 210 GPa, 7800 kg/m 3 , and 0.3. The ball is considered as a rigid body, and a reference point is defined in its center. An initial velocity (ranging from 3 m/s to 5 m/s, in this work) is imposed on the ball to create an impact loading when the ball is put in contact with the material.

For the boundary conditions, only the bottom of the model is fixed to avoid rigid body displacements and rotations. 

Results and discussion

In this section, the results are presented in the form of fields and 2D curves, in order to better understand the evolution of key parameters during an impact loading, such as twinning and martensitic transformation, as well as the consequences of the impact including the residual stress and the residual plastic strain. [START_REF] Chen | The influence of strain rate on the microstructure transition of 304 stainless steel[END_REF], [START_REF] Huang | Nanomechanical properties of nanostructured titanium prepared by SMAT[END_REF]. In addition, the maximum value of the equivalent plastic strain is not located in the center of the contact region, but in a region near the center. Comparing the three figures, it can be observed that the position of the maximum equivalent plastic strain moves slightly in the direction far from the impact surface. This phenomenon can be interpreted using the Hertz contact theory. According to this theory, the depth of the maximum shear stress is proportional to the size of the contact region [START_REF] Lecain | Tutorial of Hertzian Contact Stress Analysis[END_REF]. m -2 to 4.4 x 10 13 m -2 ), while in the martensite, the dislocation density remain roughly constant in the range from 1 x 10 14 m -2 to 3 x 10 14 m -2 . Therefore, the increase in dislocation density in the martensite is much lower than the dislocation density in the austenite.

Evolution of the equivalent plastic strain

Residual equivalent plastic strain and equivalent residual von

Mises stress

Volume fraction of twin and martensite

The volume fraction of twin and martensite also changed due to a single shot effect. Figs. IV-6e and IV-6f show that the volume fraction of twin and martensite increases by 4.0% and 7.2%, respectively, with respect to the initial state before impact. 

Influence of ball velocity on twinning and martensitic transformation

Figs. IV-7a and 7b show changes in the volume fraction of twin and martensite, respectively, plotted on the path passing through the center of the impact region on the contact surface, for different ball velocities. At an overall scale, the higher is the impact velocity applied, the higher is the volume fraction of twin and martensite. It can be seen that when the velocity is 3 m/s, the volume fraction of twin and martensite is 2.0% and 1.2%, respectively, and when the velocity is increased to 5 m/s, the volume fraction is increased to 3.0% and 4.0%, respectively. These results imply that the impact velocity has a significant effect on the generation of deformation-induced twins and the transformation from austenite to martensite. 

Influence of the ball velocity on the displacement

The impact of the ball velocity is also studied in this work on the displacement of the surface. For this purpose, the impact velocity varies from 3 m/s to 5 m/s. 

Conclusions

This chapter presents a dislocation density-based model to study the strain hardening behavior of TWIP/TRIP steel. In this model, the dislocation density and the volume fraction of twin and martensite are related to the equivalent plastic strain.

Numerical simulation of a single impact has been performed using the dislocation density-based model to study the SMAT process. The residual equivalent stress, the equivalent plastic strain, the dislocation density in the austenite and martensite, and the volume fraction of twin and martensite after a single impact are analyzed.

The comparison between the modeling results and the experimental data shows that the proposed model can predict the evolution of the volume fraction of twin and martensite, as well as the macroscopic mechanical behavior. The results of the evolution of the equivalent plastic strain observed in the central cross-section of the model indicate that the maximum depth reached by the ball impact effect represented by the equivalent plastic strain is about 200 μm. The maximum value of the equivalent plastic strain is not located at the center of the contact area but is located in the vicinity of the center. It can also be observed that the position of the maximum equivalent plastic strain moves slightly in the direction away from the impact surface, which can be well explained using the Hertz contact theory.

The distribution of the equivalent plastic strain, the equivalent residual von Mises stress, the dislocation density in the austenite and martensite, and the volume fraction of twin and martensite on the treated target surface have also been studied. The results reveal that all of these parameters have a very similar distribution on the top surface, as dislocation generation and twinning are both related to the plastic deformation. The maximum values of the dislocation density of austenite and martensite and the volume fraction of twin and martensite are almost at the same position where the equivalent plastic strain is the largest.

The study of the changes in the volume fraction of twin and martensite shows that the higher is the impact velocity applied, the higher is the volume fraction of twin and martensite. It implies that the impact velocity has a significant effect on the generation propagation by increasing the resistance of plastic deformation [START_REF] Ganesh | Effect of shotpeening on sliding wear and tensile behavior of titanium implant alloys[END_REF]. A compressive residual stress distribution provides a corresponding crack closure stress, thereby reducing the force that drives the crack propagation. Due to the applied stress level, neither the crack tip nor the operating temperature will cause relaxation of the residual stress profile, and surface fatigue cracks rather than subsurface fatigue cracks are the cause of fatigue damage. Therefore, it can be assumed that the performance of SMAT will depend on the balance between its beneficial and harmful effects [START_REF] Curtis | Analysis of the effects of controlled shot peening on fatigue damage of high strength aluminium alloys[END_REF], [START_REF] Mutoh | the Effect of Residual Stresses Induced By Shot-Peening on Fatigue Crack Propagation in Two High Strength Aluminium Alloys[END_REF].

Therefore, to obtain helpful fatigue performance, it is necessary to analyze and understand the damage effects. To achieve such a goal, it is essential to understand its interaction with other parameters, such as the properties of the target material and the loading conditions. The ductile damage process in metallic materials usually consists in three stages, i.e., micro-voids nucleation, growth, and coalescence. To model the plastic flow and the fracture of ductile metals, Gurson et al. [START_REF] Gurson | Continuum Theory of Ductile Rupture By Void Nucleation and Growth -1. Yield Criteria and Flow Rules for Porous Ductile Media[END_REF] proposed an approximate mesoscopic yield function for porous materials considering the effects of hydrostatic stress. The metal matrix was firstly assumed isotropic, elastic-perfectly plastic, and incompressible obeying the von Mises yield function. Tvergaard and Needleman [START_REF] Needleman | An analysis of ductile rupture in notched bars[END_REF] modified the original model by introducing three additional fitting parameters, which leads to the Gurson-Tvergaard-Needleman (GTN) model.

Nowadays, the GTN model is one of the well-known meso-mechanical models used to describe and predict ductile fracture. It has been widely used to model damage evolution for different materials and processes and is presently considered. So in this chapter, the GTN yield criterion is combined with the dislocation density-based constitutive model to propose a TWIP steel damage model to predict the damage evolution in ductile steel. Due to the high strain rate and large cumulative plastic strain in the SMAT process, ball impact can cause damage of the surface [START_REF] Yang | Study on plastic damage of AISI 304 stainless steel induced by ultrasonic impact treatment[END_REF]. Then a user-defined subroutine has been developed to implement the model. A three-dimensional numerical simulation of a single impact has also been performed to study the impact process and the evolution of damage caused by high strain rate impact loadings.

In this chapter, to predict the deformation and the subsequent damage in SMAT process simultaneously, a dislocation density-based viscoplastic model, which can describe the main deformation process of TWIP/TRIP steels based on the dislocation-based model proposed in chapter 4, is developed and coupled with the GTN damage model. It describes the material response during impact loading to first understand the damage development during a single impact and optimize SMAT conditions in order to limit such an overtreatment. The basic idea of this work is to develop a predictive approach based on damage mechanics, which would eventually allow optimizing the treatment conditions through a series of numerical simulations, including multi-impact loading. However, this chapter is mainly focused on the development of the damage coupled constitutive model and demonstrates the capability of this model for a single impact simulation.

In the framework of constitutive modeling, a combination of plasticity and damage theories is physically possible since many materials exhibit an interaction between inelastic mechanisms related to micro-cracks or micro-voids growth and plastic flow. As a result, the plasticity and damage couplings can be analyzed either in a small deformation formalism [START_REF] Doghri | Numerical implementation and analysis of a class of metal plasticity models coupled with ductile damage[END_REF] or in a finite deformation formalism [START_REF] Zysset | An implicit projection algorithm for simultaneous flow of plasticity and damage in standard generalized materials[END_REF], [START_REF] Charles | A fully coupled elasto-plastic damage theory for anisotropic materials[END_REF].

Despite these achievements, there are few studies about damage evolution during severe plastic deformation processes. Therefore, suitable advanced materials models are required for better describing the plastic behavior and damage development of 316L TWIP steels during SMAT process.

In this chapter, to determine the state of deformation and damage during the SMAT process, the isotropic GTN constitutive model is thus adopted. This damage model is modified to be combined with the dislocation density-based viscoplastic model. Numerical simulations of a single impact are then performed to investigate the deformation and the damage evolution by taking into account different factors, including velocity. Various parameters such as residual stresses, equivalent plastic strain, dislocation density, twinning and damage evolution are eventually investigated through numerical simulations.

Dislocation density constitutive model involving damage evolution

In this dislocation density constitutive model which couples damage, a few fundamental assumptions are proposed to calculate the flow stress for the TWIP steel:

1. The material is assumed to be isotropic with visco-elastoplastic behavior, which obeys a dislocation density hardening rule with finite deformation;

2. The strain rate is taken into account in the constitutive model of this chapter.

In this work, only the viscoplasticity part is further modified, and for the elasticity, the stress and strain obey Hooke's model;

3. The ductile fracture is considered in our model, and the damage is considered by GTN model. The GTN coefficients are assumed to be constant, which will not change with the void volume fraction;

4. In the model, the TRIP effect is not considered, and it is only suitable for describing TWIP materials but not TRIP materials;

5. For TWIP steel, the reference flow stress is assumed to be contributed only by the flow stress of austenite, and the twining will occur in austenite and contributes to the flow stress of austenite;

6. For the dislocation density hardening rule, considering the contribution of twinning to the overall deformation, we assume that the contribution of slip and twinning to the overall deformation obeys a mixing rule. In this model, according to the work of Estrin et al. [START_REF] Estrin | A unified phenomenological description of work hardening and creep based on one-parameter models[END_REF], the flow stress y  is related to the governing parameter in a kinetic equation defined by a power law:

Dislocation density viscoplastic model

m vp ref y 1 0                (Ⅴ-1)
To take into account the contribution of twinning, the variation in the total plastic shear strain can be described using a mixture model expressed as follows [START_REF] Remy | Kinetics of f.c.c. deformation twinning and its relationship to stress-strain behaviour[END_REF]:

  t t vp g t vp df d f d       1 (Ⅴ-2)
where vp  is the effective shear strain, g vp  is the shear strain due to dislocation gliding, t  is the shear strain related to twinning, and t f is the volume fraction of twin.

According to different authors [START_REF] Shin | Grain refinement mechanism during equal-channel angular pressing of a low-carbon steel[END_REF], [START_REF] Bouaziz | Modelling of TWIP effect on work-hardening[END_REF], the volume fraction of twin can be expressed as a function of the effective plastic strain v p

 : vp . max (1 exp( )) t t f f     (Ⅴ-3)
where  is a constant, and max . t f is the maximum volume fraction of twin.

The effective plastic shear strain 
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The mechanical flow strength, ref  , of TWIP steels is assumed to be determined by the information on microstructure, which is composed of two parts [START_REF] Allain | Constitutive model of the TWIP effect in a polycrystalline high manganese content austenitic steel[END_REF]:

f ref      0 (Ⅴ-6)
where 0  is the friction stress due to solid solution, and f  is related to the isotropic hardening induced by the forest of dislocations. f  can be expressed by the Taylor relation as:

   MGb f  (Ⅴ-7)
where  is a material constant. G , b and  are shear modulus, Burger's vector and dislocation density, respectively.

The dislocation density  evolves with deformation as described by the following equation [START_REF] Mecking | Kinetics of flow and strain-hardening[END_REF]:

1 2 g 1 K K vp d d bL        (Ⅴ-8)
where L is a length scale parameter. The strain rate sensitivity of the dynamic recovery process is defined via:

n vp K K / 1 0 20 2               (Ⅴ-9)
where K20 is a material parameter, and n is the strain rate sensitivity.

During the deformation of TWIP steels, besides grain boundaries, mechanical twins act as additional obstacles for the motion of dislocations, which leads to additional sources of dislocations storage in the materials. This effect is introduced in the equations by means of the length scale parameter L , which is defined as:

t d L 1 1 1   (Ⅴ-10)
where d is the average grain size of the material, t represents the average twin spacing between slip bands, which is related to the twin volume fraction t f and the average twin thickness e according to the following relation [START_REF] Steinmetz | Revealing the strain-hardening behavior of twinning-induced plasticity steels: Theory, simulations, experiments[END_REF]:

t t f f e t   1 2 (Ⅴ-11)
From Eqs. Ⅴ-5 and Ⅴ-8 to Ⅴ-11, the relationship between the dislocation density  and the shear strain by dislocation  can be written as:
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Damage model

Dilatational plasticity theory developed by Gurson et al. [START_REF] Gurson | Continuum Theory of Ductile Rupture By Void Nucleation and Growth -1. Yield Criteria and Flow Rules for Porous Ductile Media[END_REF] can take into account the degradation of the load-carrying capacity by the presence of porosity within isotropic materials. The main difference between the Gurson model and classical plasticity is that the yield surface in the former exhibits hydrostatic stress dependence. In contrast, the classical plasticity assumes that yielding is independent of the hydrostatic stress. GTN damage model can be described by the following relation [START_REF] Franklin | Comparison between a quantitative microscope and chemical methods[END_REF]:
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The variables involved in this equation are defined as follows. * f is the volume fraction of void in the material, y  refers to the yield stress of the material, which is calculated by Eq. Ⅴ-1. e  is the macroscopic von Mises equivalent stress, m  is the macroscopic mean normal stress, and 1 q , 2 q , 3 q are constitutive parameters introduced by Tvergaard [START_REF] Franklin | Comparison between a quantitative microscope and chemical methods[END_REF] to amplify the hydrostatic stress effect for all strain levels to predict the strain up to the fracture more precisely. Tvergaard [START_REF] Franklin | Comparison between a quantitative microscope and chemical methods[END_REF] found that the set 5 .
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In the above equations, c f is a critical value of the void volume fraction and f f is the value of void volume fraction at which there is a complete loss of stress carrying capacity in the material, i.e., the material is supposed fractured. It is noted that the ultimate value,

F f f  
, at which the macroscopic stress of carrying capacity vanishes, is given by

1 1 q f F  .
As shown in Eq. Ⅴ-14, when the void volume fraction is below a critical value, the effective void volume fraction is applied only through the void volume fraction f, as it should be. However, if it is larger than the critical value, due to the effect of hydrostatic pressure, the value rapidly increases. In this case, plastic instability is initiated. The evolution of the void volume fraction f during plastic deformation is assumed to be the result of both void growth and new voids nucleation, which is given by the additive decomposition:

growth nucleation f f f      (Ⅴ-15)
Nucleation is considered to be entirely dependent on the effective strain of the material and can be estimated by the following equation:

p eq nucleation A f    (Ⅴ-16)
where A is a parameter defined as a function of the equivalent plastic strain:
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where n f is the volume fraction of void nucleating particles, n  is the mean void nucleation strain, n S is the corresponding standard deviation and p  is the effective plastic strain.

Also, the void growth is a function of the plastic strain rate, which can be expressed by the following relation:
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where p kk  is the plastic part of the trace of the strain rate tensor.

Numerical implementation methodology

In a pressure-dependent constitutive model, the equivalent stress and the mean stress are two independent variables. Nichols [START_REF] Nichols | On the numerical integration of a class of singular perturbation problems[END_REF] proposed a general backward Euler procedure for pressure-dependent plasticity. A detailed derivation of models similar to Gurson can be found in Simonsen and Li [START_REF] Simonsen | Mesh-free simulation of ductile fracture[END_REF]. The forward Euler scheme was proposed by Worswick and Pelletier [START_REF] Worswick | Numerical simulation of ductile fracture during high strain rate deformation[END_REF]. The backward Euler stress integration process is used by Xue [START_REF] Xue | Constitutive modeling of void shearing effect in ductile fracture of porous materials[END_REF]. Here, the backward Euler stress integration process is used in our calculations. The implementation details of the improved GTN damage model in the finite element software ABAQUS are given hereafter.

There are two types of methods for stress integration: explicit methods and implicit methods. In an explicit method, the yield function and plasticity parameters are evaluated under known stress conditions, and it is not necessary to use an iterative process. In the implicit method, the current stress is unknown, and the nonlinear equation is usually solved by an iterative method. Implicit algorithms can provide better precision in finite element solvers than explicit algorithms [START_REF] Qi | Implicit numerical algorithm for multibody dynamics with constraint equations[END_REF]. However, it must be consistent with the tangent module and cannot be easily exported and programmed. Compared with implicit algorithms, explicit algorithms present an advantageous stiffness matrix that avoids large stiffness and accurate contact processing, so that numerical analysis can be economically and easily implemented using explicit solvers, especially for sheet metal forming simulations [165]. In this work, the user's material subroutine VUMAT is used to implement the isotropic GTN damage model of the material into the explicit solver ABAQUS/Explicit. The backward Euler algorithm is used to integrate the constitutive equation over the Gaussian points of each element.

The procedure eventually consists of two steps: an elastic predictor and a plastic corrector. For small deformation, the total strain which is a tensor is divided into elastic and plastic parts:

p e     
. The elastic trial stress is calculated by assuming that strain increment is purely elastic in the current time step. , respectively. The details of the implementation procedures of the stress update algorithm are presented as follows:

Step 1. Get initial values at t = 0, i t for the quantities:

t t t t t H       , , ,
where  H are the state variables, for example, the void volume fraction f and the equivalent plastic strain.

Step 2. Trial elastic state is obtained by assuming that the strain increment is purely elastic:
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where C is the fourth-rank elastic stiffness tensor.
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calculates the hydrostatic stress of the total trial stress.

Then calculation of the deviatoric stress q: 
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where

p k   1 and q k   1
are the increment of volumetric strain tensor and spherical tensor of strain for K+1 step, pl m  is a matrix that denotes the current strain hardening of the material. Iteration continues until both 1 f and 2 f < Tolerance ( 8 10  ), which means the convergence of the Newton method is achieved, then go to

Step 5, otherwise end the calculation if the convergence of the Newton method can not be achieved.

Step 5. Update hydrostatic stress p, equivalent stress q, and state variables
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is the shear modulus, and
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is the bulk modulus.

E and  are Young's modulus and Poisson's ratio, respectively.

According to Eq. Ⅴ-14, If
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Model validation

The material used for comparison in this chapter is an AISI 316L steel which has been studied by many other researchers [START_REF] Palengat | Cold drawing of 316L stainless steel thin-walled tubes: Experiments and finite element analysis[END_REF], [START_REF] Sinha | Tensile deformation of 316L austenitic stainless steel using in-situ electron backscatter diffraction and crystal plasticity simulations[END_REF]. 316L steel is a kind of TWIP steel which is different from the 304L TWIP/TRIP steel that we studied in Chapter 3, as 316L steel can deform by the only glide of individual dislocations and mechanical twinning without martensitic transformation. Tab. Ⅴ-1 presents the material constants related to the constitutive model described in the previous section for this TWIP steel. This evolution corresponds to the multiplication mechanism of dislocations induced under the tensile loading.

Constitutive model parameters

Damage parameters

For the GTN damage model, there are nine parameters in the model, and they are as follows: the constitutive parameters 1 q , 2 q and 3 q , the initial void volume fraction 0 f , the void nucleation parameter n f , n  and n S , the critical void volume fraction c f and the final failure parameter F f . To simplify the complex calibration process, 1 q , 2 q and 3 q are fixed to be 5 .

1 1  q , 1 2  q and 25 . 2 3  q according to [84]. The values 3 . 0  n  and 1 . 0  n S
have been used in most investigations presented in the literature [START_REF] Needleman | An analysis of ductile rupture in notched bars[END_REF], [START_REF] Kami | Numerical determination of the forming limit curves of anisotropic sheet metals using GTN damage model[END_REF]. The parameters 0 f , n f , c f and F f are usually obtained by fitting the numerical calculations with experimental results. Samal et al. [START_REF] Samal | An experimental and numerical investigation of fracture resistance behaviour of a dissimilar metal welded joint[END_REF] has obtained these parameters for 316L steel.

The input parameters used in the damage simulation are listed in Tab. Ⅴ-2.

Tab. Ⅴ-2. GTN damage parameters used for 316L steel. processes are strongly strain-rate dependent [START_REF] Ahmed | Strain rate dependence of deformation-induced transformation and twinning in a metastable titanium alloy[END_REF]- [START_REF] Wan | Multi-scale structure modeling of damage behaviors of 3D orthogonal woven composite materials subject to quasi-static and high strain rate compressions[END_REF]. It has been thus interesting to take into account the strain rate in the model, as described in Section 5.3. Ⅴ-5d reveals that the volume fraction of twin is increased by up to 2.6% due to the effect of a single impact, with respect to the initial state before impact. Fig. Ⅴ-5e shows the residual stress obtained by numerical simulation, which distributes symmetrically with respect to the centreline of the model. The maximum compressive residual stress is 635 MPa and located at a depth of about 0.15 mm from the treated surface.

The effect of impact velocity has also been studied in this work. For this purpose, the impact velocity has been varied from 2 m/s to 4 m/s. 

Ⅴ-7c

). In addition, the maximum value of the void volume fraction is not located in the center of the contact region, but in a region in a small depth near the center. When comparing the three figures, it can be observed that the position of the maximum void volume fraction moves slightly in the direction far from the impact surface. This phenomenon can be interpreted using the Hertz contact theory. According to this theory, the depth of the maximum shear stress is dependent on the size of the contact region [START_REF] Wang | Analytical modelling of shot-peening residual stress on welding carbon steel surface layer[END_REF]. The progress of ball impact increases the size of the contact region, and consequently, the depth of the maximum shear stress. Therefore, in practice, it is reasonable to remove about 0.1 mm thickness of material from the treated surface to avoid contamination, surface roughness, and plastic damage in the surface of the treated materials. 

Conclusions

In this chapter, a viscoplastic damage model based on dislocation density is proposed to study the single impact loading process of TWIP/TRIP steel. In this model, the dislocation density and the volume fraction of twin are related to the equivalent plastic strain, and the effect of strain rate is now considered (compared to Chapter 4). The viscoplastic constitutive model based on dislocation density is combined with the GTN yield criterion to study the failure process during a single impact. Then, a numerical simulation of a single impact has been performed using this constitutive model based on coupled dislocation density and a GTN damage model to study the SMAT process. The residual equivalent stress, the equivalent plastic strain, the dislocation density, the volume fraction of twin and martensite and the damage represented by the void volume fraction after a single impact have been analyzed.

Compared to the dislocation density model without damage in Chapter 4, due to the occurrence of damage, the values of the parameters such as the dislocation density, volume fraction of twin, etc., change accordingly. Still, their distribution rules are similar, and they are almost at the same position where the equivalent plastic strain is the largest. It is found that as the impact velocity increases, the damage value and the impact area increase as the values of these parameters are dependent on the equivalent plastic strain stored in the material after one impact, and the equivalent plastic strain is related to the evolution of the microstructure.

Also, the results show that during the impact load, the maximum of the affected depth and void volume fraction increases. The depth affected by a single impact can reach 0.15 mm, while the maximum value of the void volume fraction is located at a distance of 0.1 mm from the impact surface. So it should be reasonable to remove approximately 0.1 mm thick material from the treated surface to avoid surface roughness and plastic damage to the material in order to improve the benefit of SMAT process.

The results concerning the variation of the volume fraction of twin and the dislocation density with different impact velocities also indicate that the impact velocity has a significant effect on the generation of deformation-induced twins and the development of dislocations. In addition, the results of variation of the residual displacement with different impact velocities show that the maximum vertical displacement increases as the ball speed increases. The residual vertical displacement is the result of permanent plastic deformation due to the impact load. It indicates that special attention should be paid to the occurrence of damage caused by excessive treatment, which constitutes the main motivation for studying destructive processes due to a single impact. These results demonstrate the ability of the model to analyze the mechanical properties and damage processes of a material during a single impact.

This work of modeling a single impact will be further completed by more investigations of 316L TWIP steels under multi-impact loadings representative of SMAT process. In this case, the model should be enriched to describe different phenomena, such as finite deformation or anisotropic aspects. various loading conditions, such as fatigue [START_REF] Dai | Analysis of fatigue resistance improvements via surface severe plastic deformation[END_REF], wear [START_REF] Menezes | Effect of shot peening and treatment temperature on wear and corrosion resistance of sequentially plasma treated AISI 316L steel[END_REF]. The near-surface area is mechanically affected by SMAT. Due to severe plastic deformation, it can lead to gradual grain size refinement. At the same time, the bulk of the part does not mechanically deform under SMAT, so its properties remain unchanged. Thus, a gradient microstructure is formed from the treated surface to the inner region in the material. The particularity of SMAT over conventional shot peening is that it converts the top surface layer of the material from coarse grains to nano-sized grains. The nanostructured layer, even though typically thin (about 5-10 µm), can have a significant impact on the properties of the material, as the engineered component is primarily loaded on its surfaces, such as in the case of friction, torsion, or contact guidance. To understand accurately the mechanical properties of SMATed materials, it is necessary to characterize the mechanical properties of different regions, such as nanostructure layers and mechanically deformed areas.

Nanoindentation is an important tool for measuring the mechanical properties of materials at a small scale, and the indentation depth can range from tens of nanometers to more than one micron [START_REF] Li | Three-dimensional crystal plasticity finite element simulation of nanoindentation on aluminium alloy 2024[END_REF]. This technique has been widely used by researchers all over the world to study elastic modulus, hardness, size effect, sinking-in, and piling up. For instance, Wang et al. [START_REF] Wang | A nanoindentation study of the viscoplastic behavior of pure lithium[END_REF] determined a visco-plastic constitutive model for Li based on an iterative finite element (FE) modeling approach, by which the elastic modulus was determined. The results show that the elastic modulus has a negligible influence on the nanoindentation response of Li at ambient temperature. Chen et al. [START_REF] Chen | A combined inverse finite element -elastoplastic modelling method to simulate the size-effect in nanoindentation and characterise materials from the nano to micro-scale[END_REF] used an inverse finite element method (IFEM) to investigate the indentation size effect (ISE), and the results show that the yield stress is highly dependent on indentation depth. Xiao et al. [START_REF] Xiao | Modelling nano-indentation of ion-irradiated FCC single crystals by strain-gradient crystal plasticity theory[END_REF] proposed a strain-gradient crystal plasticity theory that incorporated the contributions of geometrically necessary dislocations and non-uniformly distributed defects to characterize the indentation size effect and irradiation hardening of materials.

Recently, there has been an increasing interest in understanding the deformation behavior of TWIP steel, and numerous techniques allowing the estimation of mechanical properties by nanoindentation have been developed. For example, Pierce et al. [START_REF] Pierce | Single Crystal Elastic Constants of TWIP Steel Determined From Nanoindentation[END_REF] developed a method to extract single-crystal elastic stiffnesses from orientation-specific indentation moduli and used this method to calculate the elastic stiffnesses of TWIP alloy. Li et al. [START_REF] Li | Strain rate dependence on the evolution of microstructure and deformation mechanism during nanoscale deformation in low carbon-high Mn TWIP steel[END_REF] elucidated the strain rate dependence on the deformation behavior and accompanying deformation mechanisms in Fe-30Mn-0.3C TWIP steel using nanoindentation and post-mortem microscopy of the deformed region. Moreover, Zhang et al. [START_REF] Zhang | A study on the geometry of dislocation patterns in the surrounding of nanoindents in a TWIP steel using electron channeling contrast imaging and discrete dislocation dynamics simulations[END_REF] studied the geometry of dislocation patterns in the surrounding of nanoindenters in a TWIP steel using electron channeling contrast imaging and discrete dislocation dynamics simulations. However, the size of the grains, the density of dislocations, and the effects of twinning and loading rates of the TWIP material induced by mechanical surface treatment techniques such as SMAT are not adequately considered [START_REF] Gerday | Interests and limitations of nanoindentation for bulk multiphase material identification: Application to the β phase of Ti-5553[END_REF]- [START_REF] Viswanathan | Direct observations and analyses of dislocation substructures in the α phase of an α/β Ti-alloy formed by nanoindentation[END_REF].

The purpose of this work is to study the characteristics of the material processed by SMAT such as the distribution of grain size, dislocation density, twin and so on to develop a coupled numerical nanoindentation technique to better understand and predict the mechanical properties of 316L TWIP steel treated with SMAT. Based on previous studies, we propose an analytical model taking into account the effect of grain size, dislocation density, twin and strain rate to study the nanoindentation of TWIP steel [START_REF] Chen | Investigation of ductile damage during surface mechanical attrition treatment for TWIP steels using a dislocation density based viscoplasticity and damage models[END_REF], [START_REF] Chen | Numerical simulations of impacts during Surface Mechanical Attrition Treatment using crystal plasticity model in finite element method[END_REF]. The global tensile stress-strain curves predicted by the model are validated with experimental data available in the literature. Furthermore, the model is implemented in a subroutine of ABAQUS Explicit so that numerical CHAPTER 6 A NANOINDENTATION STUDY OF THE VISCO-ELASTO PLASTIC BEHAVIOR OF 122 simulations can also be performed to study the nanoindentation process. To consider the elastoplastic behavior of SMATed materials, the mixing rule will be used to take into account for the strength contributed by different layers. Finally, the Load-Displacement curves predicted by the model will be compared with the curves obtained by nanoindentation experiments.

Dislocation density based visco-plasticity model

In this chapter, assumptions are also proposed to calculate the flow stress of the gradient TWIP steel:

1. The material is assumed to be isotropic with visco-elastoplastic behaviour, and it obeys a dislocation density hardening rule with finite deformation;

2. The strain rate is taken into account in the constitutive model of this chapter.

In this work, only the viscoplasticity part is further modified, and for the elasticity, the stress and strain obey Hooke's model ;

3. As the maximum strain of the gradient material treated with SMAT during the tensile test is much smaller than the fracture strain of the material, we mainly consider the elastoplasticity properties of the material, and the damage is not considered in our model;

4. In the model, the TRIP effect is not considered, and it is only suitable for describing TWIP materials;

5. Considering the contribution of twinning to the overall deformation, we assume that the contribution of slip and twinning to the overall deformation obeys a mixing rule;

6. For TWIP steel, the flow stress is assumed to be contributed by isotropic hardening induced by forest dislocations and the back stress related to kinematic hardening, and the TRIP effect is not considered;

7. The SMATed 316L TWIP steel is assumed as a gradient structure consisting of four layers with particular microstructures and mechanical properties.

8. The overall visco-elastoplastic deformation behavior of gradient nanostructured materials is assumed to be obtained from the linear superposition of the four layers. According to the work of Estrin [START_REF] Estrin | A unified phenomenological description of work hardening and creep based on one-parameter models[END_REF] and our previous work [START_REF] Chen | Investigation of ductile damage during surface mechanical attrition treatment for TWIP steels using a dislocation density based viscoplasticity and damage models[END_REF], the flow stress y  is related to the governing parameter in a kinetic equation defined by a power law:

m vp ref y 1 0                (Ⅵ-1)
where ref  is the reference flow stress, 0

 is the reference strain rate, and m is the strain rate sensitivity.

To take into account the twinning contribution, the variation in the total plastic shear strain p  can be described using a mixing rule expressed as follows [142]:

  t t p g t p df d f d       1 (Ⅵ-2)
where p g  is plastic shear strain by dislocation gliding, t  is the plastic shear strain of twin, t f is the volume fraction of twin.

According to Olson and Cohen [START_REF] Olson | Dislocation theory of martensitic transformations[END_REF], the volume fraction of twin can be expressed as a function of effective plastic strain p  :

  t t p t f f d df   max .   (Ⅵ-3) where  is constant, max . t f
is the maximum volume fraction of twin.

The Taylor factor M links effective plastic shear p  strain to effective plastic strain p  as follows [189]:

p p M   (Ⅵ-4)
From Eqs. Ⅵ-2 to Ⅵ-4, the relationship between the shear plastic strain p  and the dislocation gliding of austenite

p g
 can be expressed:

  t t t t p p g f f f M d d     1 max .    (Ⅵ-5)
The measure of the mechanical flow strength, ref  , of TWIP steel is assumed to contain the information on microstructure, which is composed of three parts [START_REF] Kim | Application of a dislocation density-based constitutive model to Al-alloyed TWIP steel[END_REF]:

GB f ref        0 (Ⅵ-6)
where 0  is the friction stress due to a solid solution, f  is related to the isotropic hardening induced by forest dislocations, and GB  is the back stress related to kinematic hardening. f  can be expressed by Taylor relation as [191]:

   MGb f  (Ⅵ-7)
where  is a material constant, M is the Taylor factor. G , b and  are shear modulus, Burgers vector and dislocation density, respectively.

GB



is defined as [START_REF] Feaugas | Grain-size effects on tensile behavior of nickel and AlSl 316L stainless steel[END_REF]:

d K HP GB   (Ⅵ-8)
where HP K is the Hall-Petch constant and d denotes grain size.

The dislocation density  evolves with deformation as [START_REF] Kocks | Laws for work-hardening and low-temperature creep[END_REF]:

    2 1 1 k k bL d d p g    (Ⅵ-9)
where L is a length scale parameter. The strain rate sensitivity 2 k of the dynamic recovery process is defined via [START_REF] Estrin | Dislocation-density-related constitutive modeling[END_REF]:

n vp k k 1 0 20 2              (Ⅵ-10)
where 20

k is a material parameter, and n the strain rate sensitivity.

During the deformation of TWIP steels, in addition to grain boundaries, mechanical twins also act as additional obstacles for the movement of dislocations, leading to additional sources of dislocations storage in the materials. This effect is introduced in the equations using the dislocation mean free path L , which is defined as [START_REF] Devincre | Dislocation mean free paths and strain hardening of crystals[END_REF]:

t d L 1 1 1   (Ⅵ-11)
where d is the average grain size of the material, t represents the average twin spacing which is related to the twin volume fraction t f and the average twin thickness e as follows [START_REF] You | Tensile behavior of columnar grained Cu with preferentially oriented nanoscale twins[END_REF]:

t t f f e t   1 2 
(Ⅵ-12) CHAPTER 6 A NANOINDENTATION STUDY OF THE VISCO-ELASTO PLASTIC BEHAVIOR OF 126 dislocations ρ0 corresponds to annealed materials. They are fitted iteratively until a good consistency with experimental stress-strain curves is reached. The stress-strain curve is plotted, as shown in Fig. Ⅵ-1, compared to the experimental data with grain sizes 4 and 29 μm [START_REF] Singh | Hall-Petch behaviour of 316L austenitic stainless steel at elevated temperatures[END_REF]. It can be seen that there is a reasonable agreement between the stress-strain curve predicted by the model and the stress-strain curve obtained experimentally. The excellent agreement between the two curves also means that the model can well describe the strain hardening behavior of TWIP steel.

Tab. Ⅵ-1. Physical constants and identified parameters for TWIP steel.

Parameters

Physical meaning Numerical values and units 

Finite element implementation

In this work, four indentations at a specific distance beneath the SMATed surface:

3, 70, 300, and 600 µm, were performed using the continuous stiffness measurement with the elastic modulus calculated using Oliver and Pharr's method [START_REF] Shu | A systematic study of the validation of Oliver and Pharr's method[END_REF]. The parameters for the four depth in the material can be obtained from Tab. Ⅵ-2 except for grain size and the initial volume fraction of twin, which are obtained from the experimental method introduced in Chapter 3. A three dimensional model for nanoindentation has been built, as shown in Fig. Ⅵ-2 The Berkovich indenter was set as a rigid solid. In contrast, the specimen was established as a deformable part that consists of eight-node incompatible mode brick elements (C3D8I), where the mesh size is finer around the contact area and gradually rougher away from the nanoindentation. The diameter of the specimen is 10 mm, with a depth of 5 mm. The coefficient of friction between the indenter and the 316L TWIP steel is set to 0.2, which is typical for nanoindentation analysis [START_REF] Bernoulli | Enhanced repeated frictional sliding properties in 304 stainless steel with a gradient nanostructured surface[END_REF]. For the nanoindentation with a constant value of ḣ/h, as shown in Fig. Ⅵ-2a, the finite element model is performed using the displacement control mode. The independent parameter in finite element modeling is the loading rate, set to the same value as the indentation measurement. As shown in Fig. Ⅵ-3, the experimental load-displacement curves obtained by [START_REF] Wu | Characterization of gradient properties generated by SMAT for a biomedical grade 316L stainless steel[END_REF] are compared with the FE modeling results, with different depths hd of 3, 70, 300, and 600 μm, with strain rate ḣ/h = 0.05/s where h is the displacement of the indenter. For material parameters, it should be noted that the only differences at different depths are the grain size, the initial volume fraction of twin, and the initial dislocation density of austenite; while for the other material parameters, they are the same and obtained from the experiments or references as shown in Tab. Ⅵ-2.

Tab. Ⅵ-2. Parameters of grain size, the initial volume fraction of twin, and initial dislocation density of austenite for 316L TWIP steel.

As SMAT generates nanostructure [START_REF] Sun | Plastic strain-induced grain refinement in the nanometer scale in a Mg alloy[END_REF], the peak force of the force-displacement curve of the nanoindentation will be higher if it is closer to the treated surface (indeed the smaller the depth from the treated surface, the smaller the grain size). The peak force at the top surface is twice as large as in the area not affected by SMAT. It can be observed that the experimental results and the FE prediction results have good consistency in the initial and the final loading stage at different depths during the loading process. However, the predicted values in the intermediate stage of loading are lower than the experimental values, but the difference is not very significant. So it can be considered that the model can relatively well predict the loading process. During the unloading process, the predicted peak indentation depth is significantly less than the experimentally measured recovery, which indicates that the elastic recovery process during the unloading process is more pronounced than the elastic recovery predicted by the finite element model. This is because there are many factors that affect the loading and unloading characteristics of nanoindentation, including residual stress, piling-up and sinking-in phenomenon. For example, in our model, the effect of residual stress, piling-up and sinking-in phenomenon on nanoindentation are not considered. However, after severe plastic deformation, the elastoplastic and elastic response during indentation can be affected by residual stress. At a given penetration depth, the load-depth curve of the sample with biaxial compression residual stress is steeper than that of the stress-free sample and shallower for the tensile residual stress. The unloading curve behaves similarly; compressive residual stress shifts the unloading curve to shallower penetration depth, and conversely, tensile residual stress shifts to higher penetration depth. There is a linear relationship between the residual stress and the change in the actual contact area. At the same time, compressive residual stress increases the contact area due to more piling-up, while tensile residual stress reduces the contact area due to the sinking-in area or less piling-up.

Twinning has an effect on the nanoindentation results when the plastic zone underneath the indenter interacts with the twins. When the twin boundaries occur, the space for dislocation nucleation and dislocation pile-ups becomes smaller. The twin boundaries will serve as obstacles to the dislocation motion which will lead to the increase of the strength and ductility of crystal. In order to study the role of twinning in the process of nanoindentation, two kinds of models were established by taking into account twinning or not. at the depth 3 µm from the top surface with a strain rate ḣ/h =0.005/s. Usually, the nanoindentation contains three distinguishable regimes [START_REF] Patel | Correlation of spherical nanoindentation stress-strain curves to simple compression stress-strain curves for elastic-plastic isotropic materials using finite element models[END_REF]:

(i) The initial elastic regime, in which the indentation stress varies linearly with the deformation of the indentation zone.

(ii) It shows an obvious elastoplastic transition state of strain, which is due to the deformation of the indentation zone from being mainly elastic to being mainly elastoplastic, (iii) The production regime that exhibits the expected full plastic response. So the plastic area under the indenter is initially surrounded by the elastically deformable material. Therefore, this initial plasticity is significantly limited until the plastic zone has grown to reach the surface of the sample. At this point, plasticity is relatively easy to develop, which marks the beginning of the third state of complete plastic response.

In particular, this transition can be seen by the contour plot of the equivalent plastic strain (PEEQ) field in Fig. Ⅵ-5. Underneath this nanostructured layer is the subsurface hardening layer (second layer)

Mechanical behavior of SMAT processed material

where the initial grain boundaries have not been much modified by SMAT, and they can still be identified (Fig. Ⅵ-6b). However, within each grain, many plastic slip traces can be noticed, and the color (which gives information about grain orientation) in each grain is no longer uniform due to the effect of impact loading (Fig. Ⅵ-6b).

The grains in this subsurface hardening layer region (fourth layer) are split by plastic CHAPTER 6 A NANOINDENTATION STUDY OF THE VISCO-ELASTO PLASTIC BEHAVIOR OF 133 slips activated by the multi-directional impacts during SMAT [START_REF] Tao | An investigation of surface nanocrystallization mechanism in Fe induced by surface mechanical attrition treatment[END_REF]. This layer was less than 250 µm. The transition layer (third layer) is located between the subsurface hardening layer and the bulk/core metal. Its microstructure is similar to the bulk/core, but occasionally there are some twins. According to the reference [START_REF] Feng | Effect of shot peening on the residual stress and microstructure of duplex stainless steel[END_REF], the depth of the transition layer is less than 500 µm. Following the mixing rule, the overall visco-elastoplastic deformation behavior of gradient nanostructured materials can be expressed:

i y N i i t y f      1 (Ⅵ-21)
where t y  is the average flow stress of the gradient material, N is the number of the layers, i y  is the flow stress of the i th layer. fi is the volume fraction of the i th layer which can be calculated by dividing the area of the i th layer by the entire cross-sectional area of the gradient material, as shown in Tab. Ⅵ-3.

Tab. Ⅵ-3. The volume fraction of the i th layer.

The layer

The surface hardening layer Subsurface hardening layer

The transition region The interior region non-affected by SMAT fi (%) 0.33 15.64 14.58 69.44 compared to their volume fraction. It means that SMAT can effectively enhance the strength of the material by the influence of the additional three layers.

The microstructure and local mechanical behavior of gradient structure materials change with increasing depth from the top surface. Therefore, it can be concluded that the potential dislocation mechanism during plastic deformation is different at different depths. After SMAT treatment, the structure is definitively different from the top to the interior. In this study, we assume that the treated material is composed of four layers. However, the evolution of the dislocation and twinning, also, and synergistic effects between layers should be studied in the future.

Conclusions

In this chapter, 316L TWIP steel is subjected to SMAT, and the properties of the The model was also implemented in a subroutine of ABAQUS Explicit to perform a 3D simulation of the nanoindentation test at different depths with different strain rates to study the properties of the gradient material after SMAT. The results

show that the peak force of the force-displacement curve of the nanoindentation will be higher if it is close to the treated surface. Twinning effect is also studied, and the results indicate that twinning has an effect on the nanoindentation, and the effect is more pronounced when the indenter tip is indented, while when the indenter is away from the material, the effect of twinning on the nanoindentation is weaker. Moreover, the study of the evolution of plasticity shows that the initial plasticity is significantly limited until the plastic zone has grown to reach the surface of the sample. This means that plasticity is relatively easy to occur, and at the same time marks the beginning of the third state of the full plastic response. At last, by using the mixing rule, the elastoplastic response of the SMATed material is calculated, and the calculated results This study made four major contributions that could be used to optimize SMAT process, namely:

1) Experimental study of the mechanical properties of SMATed samples. TWIP steel. The obtained results allow for predicting the induced residual stress, plastic strain, and damage fields. The results show that as the impact velocity increases, the damage value and the impact area increase because the damage development is considered to be entirely based on the effective plastic strain. The increase in impact velocity increases the equivalent plastic strain rate in the SMAT process and the final equivalent plastic strain obtained after SMAT. Also, the results

show that the depth affected by a single impact can reach 0.15 mm, while the maximum value of the void volume fraction is located at a distance of 0.1 mm from the impact surface. We can thus propose to remove such a depth to optimize the benefits of SMAT process. The results show also that the fraction of load sharing of the SMAT affected layers is relatively higher in comparison to the volume fraction of the SMAT affected layers as the flow stress of the SMAT affected layers is much higher.

Prospects

The models used in this work are, of course, incomplete and can be further improved. Extensive material characterization processes can be performed, including fatigue testing, up to higher strain rates, to assess cyclic behavior and strain rate sensitivity. High-temperature testing will also be useful considering the possible influence of the temperature increase during repeated impacts, whether it is in terms of thermal expansion or mechanical properties. The experimental data can then be used to select and construct appropriate material constitutive models and determine the material parameters of different materials. The microstructure is another important aspect. The development of crystal plasticity models (including cycling, high strain rate, and thermal behavior) will lead to a more physical understanding. The effect of grain size and crystal texture of the final material state can also be studied. In addition, single impact tests with different angles can be performed on single crystals with different crystallographic orientations to study the deformation mechanisms with SEM, EBSD, and TEM.

It could be very interesting to obtain uniform SMAT depth for complex geometries and optimize thermal parameters during SMAT, e.g., the temperature can affect the residual stresses through two different physical processes including heat production due to plastic strain and the thermal diffusion [START_REF] Rouquette | Coupled thermo-mechanical simulations of shot impacts: Effects of the temperature on the residual stress field due to shot-peening[END_REF]. Existing research on SMAT hardening optimization only studies plain specimens, and few articles study complex geometries, such as those with curvature and edges. Since a ball can interact with another ball and the chamber during the SMAT process, it will impact the surface of the material multiple times. This will have an impact on intensity, coverage, and overall quality of the surface obtained after SMAT. Factors such as the number of balls and energy transfer of these indirect impacts also need to be evaluated in future studies.

In this study, only one impact has been considered. However, the balls used in SMAT perform a multi-directional impact rather than a single one. It is thus hard to predict the evolution of the properties of the material during SMAT with multi-impacts by modeling single impact process. Further study would be carried out considering the influence of the multi-impacts on the predicted results.

We mainly studied the evolution of material properties during the SMAT process in this work. However, it is also important to study the mechanical properties of SMATed materials. To understand the mechanical properties of SMATed materials, the mechanical properties of different mechanical deformation regions should be characterized at different depths (such as nanostructured layers). Since the thickness of the nanostructure layer is very small (depending on the SMAT strength, from a few microns to tens of microns), it is difficult to characterize its local mechanical properties. Nanoindentation technology is widely used for characterization of the small-scale mechanical behavior of materials such as thin films and multiphase materials. However, nanoindentation does not provide the details of the stress-strain of the materials under investigation. This technique can not highlight other important mechanical properties in the material such as the local stress distribution, the stress concentration, yield stress, stress-strain behavior, von-Mises stresses, etc. In order to overcome such inherent limitation, the FEM technique is used to simulate the experimental load-displacement curve (P-h curve) and the stress distributions beneath the nanoindentator. As the accuracy of results depend on the quality and adequacy of the model used, an example is to improve the accuracy of the hardness and elastic modulus, which can be obtained by calculating the contact stiffness through the power-law approximation of the unloading curve instead of a linear approximation [START_REF] Pharr | An improved technique for determining hardness and elastic modulus using load and displacement sensing indentation experiments[END_REF]. The accuracy of determining mechanical properties through nanoindentation may be affected for a variety of reasons, for example, insufficient data processing in the model or some specific characteristics or factors are not considered (such as pile-up, surface forces or temperature changes). So in the future work, these factors can be considered in the model to increase the accuracy.

Micro-pillar compression could also be used to study the mechanical properties and understand the deformation mechanism at the local scale. By using this technique, the stress-strain curve can be calculated from the load-displacement curve obtained after the compression test. It also allows access to other information, such as yield stress, which is more direct than nanoindentation technology. In addition, micro-pillar compression technology has not been widely used to study materials processed by SMAT with gradient microstructures [START_REF] Sun | Micro-pillar compression tests to characterize the mechanical behavior of a nanocrystalline layer induced by SMAT in a 316L stainless steel[END_REF], [START_REF] Tumbajoy-Spinel | Investigation of graded strengthened hyper-deformed surfaces by impact treatment: Micro-percussion testing[END_REF], [START_REF] Tumbajoy-Spinel | Microstructural and micromechanical investigations of surface strengthening mechanisms induced by repeated impacts on pure iron[END_REF].

As mentioned in Chapter 3, for mechanical surface treatment techniques such as SMAT, a gradient microstructure in the surface region of a structure can be generated by repeated impacts loadings. During the last decade, increasing research works are focused on experimental characterization and modeling of materials with gradient microstructure generated by various means [START_REF] Li | On strain hardening mechanism in gradient nanostructures[END_REF]- [START_REF] Zhu | Microstructures-based constitutive analysis for mechanical properties of gradient-nanostructured 304 stainless steels[END_REF]. For instance, the strain hardening of a gradient interstitial-free steel was quantitatively investigated using a developed dislocation density-based continuum-plasticity model by Li et al. [START_REF] Li | On strain hardening mechanism in gradient nanostructures[END_REF]. In Ensuite, un modèle EF complet pour une simulation d'impact est établi. La distribution et l'évolution de macles, de la martensite et de l'endommagement pendant SMAT sont évaluées numériquement.

Techniques de caractérisation des matériaux

Certaines caractéristiques de base, notamment la microstructure et les propriétés mécaniques de base de l'acier 304L, ont été étudiées par la DRX et la nanoindentation. 

Diffraction des rayons X

 =  0 ,  45 et  90 et treize angles ψ =  0 ,  23 ,  33 ,   42 ,  50 ,  59 et   70 
ont été utilisés conformément à la norme de mesure des contraintes par rayons X.

La contrainte résiduelle et les incertitudes correspondantes dans différentes directions pour l'austénite et la martensite sont obtenues comme suit: 

                                  0 6 .
           ij (1)                                  0 
           ij (2)

Nanoindentation

Dans cette partie, plusieurs indentations ont été réalisées sous la surface traitée à 8, 16, 30, 60, 120, 250 et 500 μm de profondeur, respectivement. Chaque test de nanoindentation a été exécuté à un rapport constant ḣ/h, égal à 0,005, 0,05 et 0,5/s, où h est le déplacement maximal dans l'échantillon, qui est de 800 nm. Cinq indentations ont été réalisées pour chaque profondeur avec une distance minimale L = 20 μm entre elles. Pour distinguer facilement chaque indentation, nous attribuons à chaque indentation un numéro, et le nombre se compose de deux parties. La première partie Lorsque la vitesse de déformation est plus élevée, la force maximale moyenne est également plus grande, c'est-à-dire que lorsque la vitesse de déformation augmente de 0,005/s à 0,5/s, la force maximale moyenne augmente de 10%. 

      m m t t a t m d f df d f f d          1 1 (3) 
  m m a m f f       1 (4) 
Pour la relation entre la contrainte d'écoulement  et la densité de dislocation  pour l'austénite et la martensite, on suppose qu'elle obéit à la forme classique: L'évolution de la densité de dislocations  par rapport à la déformation plastique effective  peut être exprimée comme suit respectivement pour l'austénite et la martensite :

i i i i i i b MG       0 m a i ,  (5) 
                                         a a a a p t t t a a m t m t t m t a K K f c f d b kf f f f f f M d d      . . max . 1 2 1 1 1 1 1 (6)                                      m m m m p m m m t m t t m t m K K d b kf f f f f f M K d d       . . max . 1 1 1 1 1 .
(7)

Simulation numérique par éléments finis

Pour simuler numériquement un tel processus d'impact, le modèle donné ci-dessus est implémenté dans une subroutine VUMAT du code ABAQUS. Un modèle EF tridimensionnel a été construit avec une forme cylindrique (Fig. 8). Le modèle a un diamètre de 8 mm et est suffisamment grand par rapport à la taille de la bille (2 mm). La hauteur du cylindre est de 1 mm, ce qui est beaucoup plus grande que la profondeur de pénétration atteinte par une charge d'impact (environ 200 µm).

Ces dimensions choisies permettent d'éviter les effets de bord liés aux conditions aux limites sur les résultats de la simulation numérique. Le modèle cylindrique est maillé avec des éléments de brique en mode incompatible à huit noeuds (C3D8I). 

Résultats et discussion

m vp ref y 1 0                (8) 
Pour prendre en compte la contribution du maclage, la variation de la déformation totale de cisaillement plastique peut être calculée à l'aide d'une loi de mélange exprimée comme suit:

  t t vp g t vp df d f d       1 (9)
La résistance mécanique à l'écoulement, ref  , des aciers TWIP est déterminée par les informations sur la microstructure, qui se compose de deux parties:

f ref      0 (10) 
La relation entre la densité de dislocation  et la déformation de cisaillement par dislocation  peut s'écrire:

  .max 1 2 vp 1 1 ( ) 1 2 (1 ) t t t t t t M f f d f k k d f b d e f                       (11) 
Une théorie de la plasticité développée par Gurson [START_REF] Gurson | Continuum Theory of Ductile Rupture By Void Nucleation and Growth -1. Yield Criteria and Flow Rules for Porous Ductile Media[END_REF]) peut prendre en compte la dégradation de la capacité de supporter une charge par la présence de porosité dans les matériaux isotropes. La principale différence entre le modèle de

Gurson et la plasticité classique est que la surface élastique dans le premier présente une dépendance aux contraintes hydrostatiques. Le modèle de dommages GTN peut être décrit par la relation suivante: Pour prendre en compte la contribution du jumelage, la variation de la déformation totale de cisaillement plastique p  peut être décrit en utilisant une règle de mélange exprimée comme suit: 

0 ) 1 ( ) 2 3 ( 2 2 3 2 1 2                  f q q Cosh f q y m y e     (12) 
  t t p g t p df d f d       1 ( 15 
                                         n vp t t t t t t p g k k f e f d b f f f M d d 1 0 20 1 max . ) ) 1 ( 2 1 ( 1 1   (19)

Simulation numérique par éléments finis

Résultats des simulations

Comme le montre la Fig. 
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Fig. I- 1 .

 1 Fig. I-1. Optical micrograph of a SMATed pure titanium sample [15].

  modeling. The dissertation is organized as follows. A comprehensive literature review is presented in Chapter 2, which provides an overview of SMAT and the studied material. The SMAT set-up, the microstructural characteristics and the properties of materials after SMAT are introduced. The mechanism of grain refinement during SMAT is studied. Chapter 3 introduces the investigation methodology and equipment used in this work, which includes scanning electron microscopy (SEM), X-ray diffraction (XRD), and nanoindentation. In Chapter 4, a dislocation density model for TWIP/TRIP steel is developed and implemented to investigate the influence of SMAT controlling parameters. Then, a full FE model for a single impact simulation is established. The distribution and evolution of twin and martensite during SMAT are numerically evaluated. Chapter 5 presents the constitutive model developed to take into account damage in the modeling. The user material subroutineVUMAT provided by the FEM software ABAQUS are used. The evolution function of damage during plastic deformation based on Gurson-Tvergaard-Needleman (GTN) model is introduced in the dislocation density constitutive model and programmed in the form of subroutine. The backward Euler algorithm is used to integrate the constitutive equation over the Gaussian points of each element. The distribution and evolution of twins, martensite and damage during impact loading are numerically evaluated. In Chapter 6, the micromechanical behavior of a 316L TWIP steel with gradient microstructure is studied by nanoindentation tests at cross-sections at different distances from the top surface. Then a dislocation density-based model is adapted considering the effects of grain size, twinning and dislocation density, and strain rate based on the experimental results, which is validated by comparing with tensile stress-strain curves available in the literature. The model is also implemented in a subroutine of ABAQUS Explicit to perform a 3D simulation of the nanoindentation test at different depths with different strain rates to study the properties of the gradient material after SMAT.

Fig. Ⅱ- 1 .

 1 Fig. Ⅱ-1. Schematic diagram of SMAT setup (a) and illustration shows the surface plastic deformation caused by the impact of a ball (b) [36].

Fig. Ⅱ- 2 .

 2 Fig. Ⅱ-2. TEM images of SMAT samples at different depths and corresponding Selected Area Electron Diffraction (SAED) patterns (insets): the initially formed dislocations (a) and dislocation cells (b) at about 100-150 μm depth, the twins (c) and twin intersection (d) in austenite grains at about 50-100 μm depth, and the lamellar twins (e) and ultra-fine equiaxed austenite grains (f) at about 20-50 μm depth in AISI 316L stainless steel [43].

Fig. Ⅱ- 3 .

 3 Fig. Ⅱ-3. Plane diagrams of bright-field TEM (a), dark-field TEM (b), and corresponding SAED diagrams (c) showing the microstructures of 316L samples at 11 µm below the surface after SMAT treatment, and grain size distribution (d) determined by TEM [46].

Fig. Ⅱ-

  Fig. Ⅱ-3a and Ⅱ-3b are respectively the bright and the dark field TEM images of 316L samples. As shown in Fig. Ⅱ-3c, SMAT induces ultrafine twining grains with random orientation on the top surface. The histogram of grain size distribution obtained from bright and dark field images shows a positive logarithmic distribution of narrow grain size. As shown in Fig. Ⅱ-3d, the grain size of the top layer is about 40 nm. Lu et al. [47] also experimentally studied AISI 304L samples as a plate (100 *100 mm 2 ) using SMAT treatment. Before SMAT, the samples were annealed in vacuum at 1080 °C for one hour to obtain a single austenitic phase (FCC) with uniform grain structure. Typical microstructures of the annealed samples are shown in Fig. Ⅱ-4a. The grain size is in the range of 100-200 µm, and annealing twins can be seen in some grains. SMAT was performed on AISI 304 stainless steel in vacuum for 15 min at room temperature, and the vibration frequency was 50 kHz. A surface layer of nanostructure was generated by SMAT, and its microstructure evolution was studied by SEM and TEM (Fig. Ⅱ-4). Microstructure examination shows that the grain refinement process of this material includes: (1) formation of plane dislocation arrays and twins; (2) grain refinement and martensitic transformation; (3) formation of random orientation crystals [47].

Fig. III- 1

 1 Fig. III-1 shows the illustration and the schematic representation of the SMAT equipment. The SMAT machine used in this work consists of an ultrasonic generator.

Fig. III- 4

 4 Fig. III-4 shows the XRD patterns of the 304L sample deformed before and after SMAT. The top diffractogram corresponds to the sample after SMAT, and the one below corresponds to the sample before SMAT, i.e., as-received state. From the XRD measurements shown in Fig. III-4, it can be identified that there is only austenite

  been used as required by the standard of measurement[START_REF] Prevey | X-Ray Diffraction Residual Stress Techniques[END_REF].

Fig

  Fig. III-5 gives the relationship for

Fig. III- 6 .

 6 Fig. III-6. Distance between two neighboring indentations.

  As mentioned in Chapter 3, nanocrystalline (NC) materials exhibit superior strength to their coarse counterparts, so they have attracted the interest of many scientists in the past 20 years. SMAT is one of the recently developed methods for forming a nanocrystalline surface layer and refining the grains on the top surface at the nanometer scale by shooting the surface of the sample with spherical balls. This technology of surface treatment has been used by material scientists for many materials such as pure iron, pure titanium, pure copper, pure cobalt, aluminum alloys, and stainless steel for the production of NC materials.

  of twin and martensite, respectively.

K

  and  are fitted from the curve of twin volume fraction. max . m f , m ,  and n are fitted from the curve of the volume fraction of martensite.Moreover, other parameters such as k , . are fitted iteratively until a good agreement with experimental stress-strain curves is reached. In the case where the values are taken from the literature, their sources are indicated in the last column of Tab. IV-1.

Fig. IV- 1

 1 Fig.IV-1 also shows that the flow stress level in the martensite is higher than the flow stress level in the austenite, which is consistent with the higher mechanical strength of martensite.

Fig. IV- 1 .

 1 Fig. IV-1. Overall stress-plastic strain curves for austenite and martensite, compared to the experimental data provided in the reference [149].

Fig. IV- 2 .

 2 Fig. IV-2. Evolution of volume fraction of twin (a), and volume fraction of martensite (b), versus true strain.

Fig. IV- 4 .

 4 Fig. IV-4. Overall view of the FE model, including the ball (sphere) and the target material (cylinder).

Fig. IV- 5

 5 Fig. IV-5 shows the evolution of the equivalent plastic strain observed on a central cross-section of the model. For this purpose, three ball positions corresponding to different loading levels are chosen to illustrate the results. It can be seen that the maximum depth reached by the effect of ball impact, represented by the equivalent plastic strain, is about 200 μm (Fig. IV-5c), which is consistent with the experimental observations presented in Chapter 3 and obtained in the literature[START_REF] Chen | The influence of strain rate on the microstructure transition of 304 stainless steel[END_REF],[START_REF] Huang | Nanomechanical properties of nanostructured titanium prepared by SMAT[END_REF]. In

Fig. IV- 5 .

 5 Fig. IV-5. Examples of equivalent plastic strain fields on a central cross-section of the FE model. Three loading levels are chosen to illustrate the evolution of the equivalent plastic strain during an impact loading.

Fig. IV- 6 4 . 6 . 3

 6463 Fig. IV-6 shows the distribution of the equivalent plastic strain, the equivalent residual von Mises stress, the dislocation density in the austenite and martensite, and the volume fraction of twin and martensite on the treated target surface. The impact velocity has been chosen as 5 m/s for all the same single impact simulations. It can be seen that all of these parameters have a very similar overall distribution on the top surface. Since the evolution of dislocations and twins are consistent with plastic deformation, the maximum values of the dislocation density of the austenite and martensite and the volume fraction of twin and martensite are almost at the same position where the equivalent plastic strain is the largest. Fig. IV-6a shows that the maximum equivalent residual von Mises stress after a single impact is about 700 MPa, which is largely dependent on the equivalent plastic strain stored in the material after one impact (see Fig. IV-6b). It is worth noting that the equivalent plastic strain is related to the evolution of the microstructure, as shown in Figs. IV-1, and IV-2.4.6.3 Dislocation density in the austenite and martensiteAlso, as shown in Fig.IV-6cand IV-6d, the dislocation density in the austenite increases by about three orders of magnitude after a single impact (e.g., from 1 x 10 10

Fig. IV- 6 .

 6 Fig. IV-6. Residual von Mises stress (a), equivalent plastic strain (EQPL) (b), dislocation density (DDA) in austenite (c), dislocation density in martensite (DDM ) (d), distribution of volume fraction of twin (VFT) (e) and volume fraction of martensite (VFM) (f) observed at a target velocity of 5m/s after a single impact.

Fig. IV- 7 .

 7 Fig. IV-7. The change in the volume fraction of twin (a), and the volume fraction of martensite (b) obtained with different impact velocities, plotted along the path through the center of the impact region on the target surface.

Fig. IV- 8 shows

 8 the variation in residual vertical displacement as a function of distance from the center of the contact area for different ball speeds of 3 m/s, 4 m/s, and 5 m/s, respectively. For these three impact simulations, balls of the same diameter (2 mm) and the same incidence angle (θ = 90°) have been used. As it can be seen from Fig.IV-8, the maximum vertical displacement increases as the ball speed increases. When the impact speed is increased from 3 m/s to 5 m/s, the displacement is increased from 4.2 mm to 7 mm. The residual vertical displacement is the result of permanent plastic deformation due to impact loadings. During the impacts, a certain amount of kinetic energy of the ball is converted into potential energy stored in the material in the form of plastic deformation, twinning, and phase transformation.

Fig. IV- 8 .

 8 Fig. IV-8. The displacement of the points on the contact surface obtained at different impact velocities varies with distance from the center.

  of deformation-induced twins and the phase transformation from austenite to martensite. The study of the effect of the ball velocity shows that the maximum vertical displacement increases, as the ball speed increases and the residual vertical displacement are the result of permanent plastic deformation due to impact loading, during which a certain amount of kinetic energy of the ball is converted into potential energy stored in the material. These results demonstrate the ability of the model to analyze the SMAT process of TWIP/TRIP steel.SMAT is a cold working treatment, in which media impact the surface under the kinetic/impact conditions. The surface modifications produced by the treatment are: (a) roughening of the surface; (b) an increase, at the near-surface, of dislocation density (i.e., strain hardening); and (c) the development of a characteristic profile of residual stresses. In terms of fatigue damage, surface roughening generally accelerates the nucleation and early propagation of cracks, and strain hardening delays the crack

  Chen et al.[START_REF] Chen | Investigation of ductile damage during surface mechanical attrition treatment for TWIP steels using a dislocation density based viscoplasticity and damage models[END_REF] have proposed a dislocation density-based model based on the work of Chapter 4 to describe the properties of TWIP/TRIP steel. The model can well predict the evolution of the volume fraction of twin and martensite, as well as the macroscopic mechanical behavior. So in this chapter, a dislocation density-based viscoplastic model is proposed based on the dislocation density model considering the influence of strain rate.

  predict fractures, especially for 316L steel. The Gurson model describes material damaging up to the fracture as an increase in the void volume fraction up to a critical threshold. Tvergaard and Needleman modified the effective void volume fraction f , as shown in the following equation:

  Newton-Raphson iterative method is used to solve the nonlinear equations, Eqs. Ⅴ-23 and Ⅴ-24. The flow rule and the yield condition must be satisfied simultaneously, and the consistency condition Eq. Ⅴ-25 should also be met at the same time.

 , 1 K and 20 K

 120 fitted from the curve of twin volume fraction.As for other parameters such as m , 0 , they are fitted iteratively until a good consistency with experimental stress-strain curves is reached. For the values taken from the literature, their sources are indicated in Tab. Ⅴ-1.As indicated inSection 5.2, the model developed in this work is based on the evolution of dislocation density. It also enables the description of twinning during the deformation process of the material. To validate the implementation of the model, uniaxial tensile loadings with different strain rates have been considered on a material point in order to examine the evolution of the different variables involved in the constitutive model and the damage model. The stress-strain curves can first be plotted and are shown in Fig. Ⅴ-1. It can be observed that there is reasonable consistency between the stress-strain curves predicted by the model and the ones obtained with experiments from the literature. Therefore, this constitutive model is able to well describe the strain hardening behavior of 316L TWIP steels.

  can be given for other physical variables concerning, for example, twinning and dislocation activities. Fig.Ⅴ-2shows the predicted evolution of the volume fraction of twin. It can be observed that the evolution of the volume fraction of twin is well consistent with the experimentally obtained curve. For the evolution of twinning, at the beginning of the deformation loading, the increase of the volume fraction of twin is rapid, and this increase is reduced with the strain (Fig.Ⅴ-2). Fig.Ⅴ-3shows the evolution of dislocation density calculated using Eq. Ⅴ-2.

Fig. Ⅴ- 5 Fig. Ⅴ- 5 .

 55 Fig.Ⅴ-5shows the distribution of different parameters after a single impact with a velocity of 4 m/s. The residual stress, the equivalent plastic strain, the dislocation density, the volume fraction of twin, and the damage induced by a single impact are presented on the impacted target surface. Due to the occurrence of damage, the strength of the material with damage will be lower than the strength of the material without damage, especially when the plastic strain of the material during deformation is relatively large. Due to the reduction of the strength, it is easier for the material to develop plastic strain with damage during SMAT process. As the parameters such as dislocation density, volume fraction of twin, etc. are functions of plastic strain, compared with the material without damage, their values will also change accordingly, but with basically similar distribution rules. It can be seen that all of these parameters have globally a very similar distribution on the top surface, like the distribution of the parameters without damage observed in Chapter 4.

  Fig. V-6. shows the void volume fraction with a ball velocity respectively of 2 m/s (Fig. Ⅴ-6a), 3 m/s (Fig. Ⅴ-6b), and 4 m/s (Fig. Ⅴ-6c), on the target surface after a single impact. According to the GTN equations, the nucleation is considered to be based exclusively on the effective plastic strain, and the void nucleation follows a normal distribution. The increase of the impact velocity enhances the equivalent viscoplastic strain and the equivalent viscoplastic strain rate in SMAT process. Thus the damage value VVF increases with the increase of impact velocity [154]. Moreover, the damage is caused by local tension loading due to SMAT. The form of the damage distribution field is annular, which is consistent with the symmetry of the problem. The maximum damage value is located deeper in the impacted zone. The center of the impacted area is not affected by SMAT from the point of view of void growth, as highlighted by Fig. Ⅴ-6. Moreover, Fig. Ⅴ-7 shows the evolution of the distribution of the void volume fraction observed in the impacted area with a ball velocity of 4 m/s. For this purpose, three ball positions corresponding to different loading levels are chosen to illustrate the results. The depth affected by the single impact can reach up to 0.15 mm, while the maximum value of the void volume fraction locates at the distance of 0.1 mm from the impacted surface (Fig.

Fig. Ⅴ- 9 .

 9 Fig. Ⅴ-9. Variation of residual displacement after a single impact for the points on the contact surface with nodal value as a function of the distance to the center, obtained with different impact velocities in the plane   , , o x y   .

  high compressive residual stresses are typically introduced in the mechanically affected layer due to the incompatibility of the plastic and elastic deformation of material. The presence of nanostructured layer and high compressive residual stress can significantly improve the mechanical properties of materials under
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ForFig. Ⅵ- 2 .

 2 Fig. Ⅵ-2. Finite element model: top view (a) of the model showing the target and the rigid indenter, and side view (b) showing the mesh in the impact region of the target.

Fig. Ⅵ- 3 .

 3 Fig. Ⅵ-3. Comparisons of averaged experimental loading curves[START_REF] Wu | Characterization of gradient properties generated by SMAT for a biomedical grade 316L stainless steel[END_REF] with FE modeling results at different depths 3, 70, 300, and 600 μm with strain rate ḣ/h =0.05/s (a), and with different strain rates ḣ/h =0.005, 0.05 and 0.5/s at the depth 600 μm (b).

Fig. Ⅵ- 6

 6 Fig. Ⅵ-6 shows the results of the EBSD observation performed on the cross-section of a SMATed sample. Globally, a microstructure gradient can be observed in the SMAT affected region. So the SMATed 316L steel can be considered as a gradient structure consisting of different layers with particular microstructures and mechanical properties. Four different regions can be roughly distinguished. They are respectively the surface hardening layer, subsurface hardening layer, the interior region non-affected by SMAT, and the transition region between them. The surface hardening layer corresponds to a refined layer with a grain size ranging from 50 nm to 300 nm (Fig Ⅵ-6b). This grain refinement is due to the multi-directional severe plastic deformation induced by the impingement of shots. According to Fig. Ⅵ-6b), the thickness of the surface hardening layer (first layer) is presently about 5 µm.

Fig. Ⅵ- 6 .

 6 Fig. Ⅵ-6. Microstructure observation on the cross-section of a SMATed specimen obtained from the reference [197]: interior region (non-affected by SMAT) (a), mechanically deformed region (transition region) (b), and nanostructured layer (hollow red arrow indicates the treated surface) (c).

  nanostructured surface material are attributed to the gradient microstructure formed from the treated surface to the inner region. A dislocation density-based model was successfully developed considering the effects of the grain size, twinning and dislocation density and strain rate based on the experimental results of EBSD, which is successfully compared to global tensile stress-strain curves available in the literature. It is worth noting that the results obtained from the proposed model are very consistent with the experimental measurements of the strength and work hardening of 316L steel.

CHAPTER 6 A

 6 NANOINDENTATION STUDY OF THE VISCO-ELASTO PLASTIC BEHAVIOR OF 137 show a good agreement with the experimental results. The calculated results show that the fraction of load sharing of the SMAT affected layers is relatively high despite its low volume fraction, which is due to the high flow stress of the SMAT affected layers. This thesis focused on the study of SMAT effects on TWIP/TRIP steel with experimental, numerical, and analytical methods. The influence of SMAT on the microstructure of 304L TWIP/TRIP steel was first experimentally studied using SEM, XRD, and Nanoindentation. Based on the experimental results, a dislocation density model of TWIP/TRIP steel has been developed to investigate the characteristics of impacts during SMAT. With the FE model, the distribution of the grain size, the volume fraction of twin and martensite, and the dislocation density of austenite and martensite as the function of SMAT processing parameters were numerically simulated. To study the evolution of the damage during the SMAT process, damage was introduced in the dislocation density model. Finally, a dislocation density based visco-elastoplastic model considering the effect of grain size, dislocation density, twin,and strain rate was proposed to further understand the effects of SMAT on the mechanical behavior of 316L TWIP steel with gradient microstructure. Generally speaking, the results of this study led to several interesting findings that can help to better understand the effect of SMAT on materials.

2 ) 3 ) 4 )

 234 Dislocation density based model for prediction of twinning and phase transformation during SMAT. Dislocation density based visco-elastoplastic model coupled with GTN damage model for prediction of damage evolution during SMAT. Dislocation density based visco-elastoplastic model for studying mechanical behavior of the material with gradient microstructure generated by SMAT.The specific details of these four contributions are as follows:Contribution 1: The SMAT conditions for the 304L steel and the sample preparation procedure were chosen to study the material properties obtained from SMAT. The residual volume fraction of austenite and the residual stress distribution at the top surface were studied by XRD. The obtained results (load-displacement, peak force, and average peak force) were interpreted subsequently in terms of SMAT induced changes along the cross-section of the SMATed sample. The results show that the grain size, phase transformation, and strain rate have a significant influence on the mechanical properties derived from nanoindentation. Contribution 2: A dislocation density-based model considering the dislocation density and the volume fraction of twin and martensite related to the equivalent plastic strain was firstly proposed to study the strain hardening behavior of TWIP/TRIP steel. Then numerical simulation of a single impact was performed using the dislocation density-based model to study the basic SMAT process. Finally, the residual equivalent stress, the equivalent plastic strain, the dislocation density in the austenite and martensite, and the volume fraction of the twin and martensite after a single impact were analyzed. The study of the impact of the ball velocity shows that the maximum vertical displacement increases as the ball speed increases, and the residual vertical displacement is the result of permanent plastic deformation due to impact loadings, during which a certain amount of kinetic energy of the ball is converted into potential energy stored in the material in the form of plastic deformation, twinning and phase transformation. Contribution 3: A dislocation density based viscoplastic constitutive model coupled with GTN damage, was first proposed to investigate the damaging process during SMAT for TWIP steels. Then numerical simulation of a single impact was performed using this coupled damage model to study the SMAT process. Finally, the capacity of this model was demonstrated by an application in the case of a 316L

Contribution 4 :

 4 A dislocation density-based visco-elastoplastic model considering the influence of dislocation density, twinning, grain size, and strain rate was first successfully developed considering the effects of grain size, twinning and dislocation density, and strain rate based on the experimental results. Then the model was implemented in a subroutine of ABAQUS Explicit to perform a 3D simulation of the nanoindentation test at different depths with different strain rates. Lastly, the elastoplastic response of the SMAT treated material is calculated by using the mixing rule, and the calculated results show a good agreement with the experimental results.

  this model, the interaction of the component layers in the gradient structure is described by incorporating geometrically necessary dislocations (GNDs) and back stress. A dislocation density-based model considering the dual role in metal matrix composites (MMCs) was also developed by Dong et al.[START_REF] Dong | Size dependent strengthening mechanisms in carbon nanotube reinforced metal matrix composites[END_REF] to describe the factors affecting the strengthening mechanisms in Carbon nanotube (CNT)-reinforced MMCs with different matrix grain sizes. Furthermore, in order to describe the structure-property relation of austenite stainless steel with gradient nanostructure, a theoretical model was proposed by Zhu et al.[START_REF] Zhu | Microstructures-based constitutive analysis for mechanical properties of gradient-nanostructured 304 stainless steels[END_REF]. However, modeling the gradient microstructure produced by SMAT of the TWIP/TRIP surface is still a difficult task.So in the future, we hope to consider the depth-dependent grain size distribution and nano twin-nano composite structure in our model. EBSD and micro-pillar milled using Focused Ion Beam (FIB) can be used to study the gradient microstructure of materials generated by SMAT. Then, the results (such as the stress-strain curve, the dislocation density of austenite and martensite, and the volume fraction of twin and martensite) can be used to fit the parameters of the constitutive model at different depths of the gradient microstructure. The constitutive model developed in this work, based on the evolution of dislocation density, should be able to describe the main deformation mechanisms of TWIP/TRIP steel. In addition, the model can be implemented in ABAQUS Explicit subroutines, and numerical simulations can be performed to study the mechanical properties of SMAT processed cylindrical structures with gradient microstructures near the surface area.

Fig. 1 .

 1 Fig. 1. Micrographie optique d'un échantillon de titane pur SMATé.

Fig. 4 .

 4 Fig. 4. Diffractogrammes de DRX de l'acier 304L avant et après SMAT.

Fig. 6 .

 6 Fig. 6. Force maximale des courbes de charge-déplacement de la nanoindentation à différentes profondeurs avec différentes vitesses de déformation.

Fig. 7 .

 7 Fig. 7. Variation des courbures pour les courbes de charge par nanoindentation le long de la section transversale de l'acier 304L SMATed avec ḣ/h = 0,05/s.

où 0 

 0 est la contrainte d'écoulement initiale,  est un paramètre de matériau, M est le facteur Taylor. G et b sont respectivement le module de cisaillement et le vecteur de Burgers.

Fig. 8 .

 8 Fig. 8. Vue globale du modèle EF, y compris la bille et le matériau cible (cylindre).

Fig. 9 .Fig. 10 .

 910 Fig. 9. Evolution de la fraction volumique des macles (a), et évolution de la transformation

  fig. 12d révèle que la fraction volumique de macles est augmentée jusqu'à 2,6% sous l'effet d'un seul impact, par rapport à l'état initial avant cet impact. La fig. 12e montre la contrainte résiduelle obtenue, qui se répartit symétriquement par rapport à la ligne médiane du modèle. La contrainte résiduelle de compression maximale est de 635 MPa et située à une profondeur d'environ 0,15 mm de la surface impactée.

Fig. 12 .5

 12 Fig. 12. Distribution de (a) contrainte résiduelle équivalente (EQRS) (MPa), (b) déformation plastique équivalente (EQPS), (c) densité de dislocations (DD) (m -2 ), et (d) fraction volumique de macle (VFT) sur la surface cible traitée et (e) contrainte résiduelle équivalente (EQRS) (MPa) en profondeur obtenue après un seul impact avec une vitesse d'impact de 4 m/s.

Fig. 14 .

 14 Fig. 14. Modèle par éléments finis: (a) vue de dessus du modèle montrant la cible et l'indenteur rigide, (b) vue latérale montrant le maillage dans la zone d'indentation de la cible.

Fig. 16 .

 16 Fig. 16. Courbes contrainte-déformation pour différentes couches.

Fig. 17 .6 Contributions et perspectives 6 . 1 Contribution 2 :Contribution 3 :Contribution 4 :

 1761234 Fig. 17. Courbes contrainte-déformation calculées et expérimentales.

6. 2 Perspectives

 2 Les modèles utilisés dans ce travail sont, bien entendu, incomplets et peuvent encore être améliorés. D'autres caractérisations des matériaux peuvent être effectuées, y compris des essais de fatigue, jusqu'à des taux de déformation plus élevés, pour évaluer le comportement cyclique et la sensibilité du taux de déformation. Des essais à haute température seraient également utiles compte tenu de l'influence possible de l'augmentation de température lors d'impacts répétés, que ce soit en termes de dilatation thermique ou de propriétés mécaniques.Les données expérimentales peuvent ensuite être utilisées pour sélectionner et construire des théories constitutives des matériaux appropriés et identifier les paramètres de différents matériaux. Par exemple, les matériaux étudiés dans ce travail sont supposés obéir au critère d'écoulement de Von Mises, qui est principalement utilisé pour les matériaux ductiles, comme les métaux. Ce critère d'écoulement s'applique uniquement aux matériaux isotropes. Cependant, tous les métaux et alliages sont fondamentalement anisotropes en raison de la distribution des grains et de leur structure cristalline. Si les grains sont orientés de manière aléatoire et sont en grand nombre, le comportement macroscopique est approximativement isotrope. Cependant, si les grains sont principalement orientés dans une direction spécifique, le comportement du matériau ne sera plus macroscopiquement isotrope. Dans la déformation plastique globale des métaux, l'effet de l'anisotropie est généralement ignoré. Étant donné que de nombreuses approximations sont également impliquées dans la solution, on peut considérer que la prise en compte de l'anisotropie n'affecte pas le résultat. Cependant, dans le cas d'une tôle, sa formabilité et son étirage sont significativement affectés par l'anisotropie engendrée lors du laminage. Hill a proposé un critère d'écoulement pour les matériaux anisotropes. Ce critère est une extension de celui de von Mises. Lorsque l'anisotropie est négligeable, ce critère redonne celui de von Mises. La microstructure est un autre aspect important. Le développement de modèles de plasticité cristalline (tenant compte de différents paramètres tels que le cyclage, la vitesse de déformation élevée et le comportement thermique) conduira à une compréhension plus physique. De plus, des essais d'impact avec différents angles pourraient être effectués sur des monocristaux avec différentes orientations cristallographiques pour étudier les mécanismes de déformation avec MEB, EBSD et MET. Il pourrait également être très intéressant d'obtenir une profondeur de SMAT uniforme pour des géométries complexes et d'optimiser les effets thermiques pendant le SMAT, par exemple, la température qui peut affecter les contraintes résiduelles et peut évoluer par le biais de deux processus physiques différents : la production de chaleur due à la déformation plastique et la diffusion thermique. Les recherches existantes sur l'optimisation du SMAT étudient uniquement des éprouvettes simples, et peu d'articles étudient les géométries complexes, telles que celles avec courbure et arêtes. Puisqu'une bille interagit avec une autre bille et/ou la chambre pendant le processus SMAT, elle impactera la surface du matériau plusieurs fois. Cela aura un impact sur l'intensité, la recouvrement et la qualité globale du SMAT. Dans cette étude, un seul impact a été considéré. Cependant, les billes utilisées dans SMAT effectuent plusieurs impacts plutôt qu'un seul. Il est donc difficile de prédire l'évolution des propriétés du matériau lors du SMAT avec multi-impacts en modélisant le processus d'un seul impact Une étude plus approfondie serait à mener compte tenu de l'influence des multi-impacts sur les résultats obtenus. Nous avons principalement étudié l'évolution de certaines propriétés des matériaux et à certaines échelles au cours du processus SMAT dans ce travail. Cependant, il est également important d'étudier d'autres propriétés mécaniques des matériaux SMATés. Pour ce faire, les propriétés mécaniques des différentes régions de déformation mécanique peuvent être caractérisées à différentes profondeurs (telles que les couches nanostructurées). L'épaisseur de la couche de nanostructure étant très faible (en fonction des paramètres du procédé SMAT, de quelques microns à quelques dizaines de microns), il est difficile de caractériser ses propriétés mécaniques locales. La technique de nanoindentation est largement utilisée pour la caractérisation aux petites échelles, notamment pour avoir le comportement mécanique des matériaux tels que les films minces et plus particulièrement la dureté. Cependant, la nanoindentation ne fournit pas nécessairement les détails de la contrainte-déformation des matériaux étudiés. Cette technique ne peut pas mettre en évidence d'autres propriétés mécaniques importantes dans le matériau telles que la distribution locale des contraintes, la concentration des contraintes, la limite d'élasticité, le comportement contrainte-déformation, les contraintes de von-Mises, etc. Afin de surmonter cette limitation inhérente, la méthode EF est utilisée pour simuler la courbe charge-déplacement (courbe P-h) et les distributions de contraintes sous le nanoindentateur. La précision des résultats dépend de la qualité et de l'adéquation du modèle utilisé. La précision de la détermination des propriétés mécaniques par nanoindentation peut être affectée pour diverses raisons, par exemple, un traitement des données insuffisant dans le modèle ou certaines caractéristiques ou facteurs spécifiques ne sont pas pris en compte. Ainsi, dans les travaux futurs, ces facteurs peuvent être pris en compte dans le modèle pour augmenter la précision. La compression de micro-piliers pourrait également être utilisée pour étudier les propriétés mécaniques et comprendre le mécanisme de déformation à l'échelle locale. En utilisant cette technique, la courbe contrainte-déformation peut être calculée à partir de la courbe charge-déplacement obtenue après l'essai de compression. Il permet également d'accéder à d'autres informations, telles que la limite d'élasticité, qui est plus directement obtenue par rapport à la technique de nanoindentation. De plus, la technique de compression de micro-piliers n'a pas encore été largement utilisée pour étudier les matériaux traités par SMAT avec des microstructures à gradient.Comme mentionné au chapitre 3, pour les techniques de traitement mécanique de surface telles que le SMAT, un gradient de microstructure dans la région de surface d'une pièce peut être générée par des impacts répétés. Au cours de la dernière décennie, de plus en plus de travaux de recherche se concentrent sur la caractérisation expérimentale et la modélisation de matériaux à microstructure à gradient générée par divers moyens. Par exemple, l'écrouissage d'un acier a été étudié quantitativement en utilisant un modèle de plasticité continue basé sur la densité de dislocations développé par Li et al[START_REF] Li | On strain hardening mechanism in gradient nanostructures[END_REF]. Dans ce modèle, l'interaction des couches de composants dans la structure du gradient est décrite en incorporant les dislocations géométriquement nécessaires (GND) et les contraintes internes. Un modèle basé sur la densité des dislocations tenant compte du double rôle dans les composites à matrice métallique (MMC) a également été développé par Dong et al[START_REF] Dong | Size dependent strengthening mechanisms in carbon nanotube reinforced metal matrix composites[END_REF]. pour décrire les facteurs affectant les mécanismes de renforcement dans les MMC renforcées de nanotubes de carbone avec différentes tailles de grains de matrice. De plus, afin de décrire la relation structure-propriété de l'acier inoxydable austénite avec la nanostructure à gradient, un modèle théorique a été proposé par Zhu et al[START_REF] Zhu | Microstructures-based constitutive analysis for mechanical properties of gradient-nanostructured 304 stainless steels[END_REF]. Cependant, la modélisation de gradients de microstructure produite par SMAT à la surface reste une tâche difficile. Ainsi, nous espérons prendre en compte la variation de la taille de grains dépendante de la profondeur et la structure composite du matériau dans notre modèle. L'EBSD associé à des micro-piliers obtenus à l'aide d'un faisceau d'ions focalisés (FIB) peuvent être utilisés pour étudier le gradient de microstructure des matériaux générés par SMAT. Ensuite, les résultats (tels que la courbe contrainte-déformation, la densité de dislocations de l'austénite et de la martensite, et la fraction volumique des macles et de la martensite) peuvent être utilisés pour ajuster les paramètres du modèle constitutif à différentes profondeurs du gradient de microstructure. Le modèle constitutif, basé sur l'évolution de la densité de dislocations, devrait pouvoir décrire les principaux mécanismes de déformation de l'acier TWIP/TRIP. De plus, le modèle peut être implémenté dans les subroutines d'ABAQUS, et des simulations numériques peuvent être effectuées pour étudier les propriétés mécaniques. Modélisation de l'évolution de microstructures induite par SMAT pour des aciers TWIP/TRIP Ce travail est centré sur la modélisation de l'évolution de microstructures induite par le procédé SMAT pour des aciers TWIP/TRIP. Les caractéristiques de base d'un acier TWIP/TRIP sont mises en évidence par MEB, DRX et nanoindentation. La nanoindentation est appliquée sur différentes couches pour l'étude des propriétés mécaniques du matériau à gradient de microstructure. Un modèle basé sur la densité de dislocations tenant compte de l'influence du maclage et de la transformation de phase martensitique dans un acier TWIP/TRIP est proposé pour étudier l'influence des paramètres induits par SMAT. Ensuite, la densité de dislocations dans l'austénite et celle dans la martensite ainsi que les fractions volumiques de macles et de martensite au cours d'un impact sont évaluées numériquement avec un modèle d'éléments finis. Par ailleurs, afin d'étudier l'évolution de l'endommagement pendant le processus d'impact, l'endommagement a été introduit dans le modèle de la densité de dislocations. Enfin, un modèle visco-élastoplastique basé sur la densité de dislocations considérant l'effet de la taille de grain, le maclage et le taux de déformation a été proposé afin de mieux comprendre les effets du SMAT sur les propriétés mécaniques d'un acier TWIP/TRIP avec gradient de microstructure. Ainsi, pour étudier la réponse globale du matériau SMATé, la loi de mélange est utilisée en considérant le gradient du matériau comme une structure composée de différentes couches avec des microstructures et des propriétés on modeling the microstructure evolution induced by SMAT in TWIP and/or TRIP steels. The features of the generated gradient microstructure of a 304L TWIP/TRIP steel are characterized by SEM, XRD, and nanoindentation. Nanoindentation is applied on different layers for the investigation of the mechanical properties of the gradient microstructure. Based on the experimental results, a dislocation density model considering the influence of twinning and martensitic transformation of TWIP/TRIP steel is proposed to investigate the effect of SMAT controlling parameters. Then the dislocation density of the austenite and that of the martensite as well as the volume fraction of twinning and martensitic transformation during impact loading is numerically evaluated using a full finite element model. Afterwards, to study the evolution of the damage during the SMAT process, the damage was introduced in the dislocation density model. Finally, a dislocation density based visco-elastoplastic model considering the effect of grain size, dislocation density, twin, and strain rate was proposed to further understand the effect of impact loadings on the mechanical properties of TWIP/TRIP steel with gradient microstructure based on the results of nanoindentation tests. Then to study the overall elastoplastic response of the SMATed material, the rule of mixtures is used by considering the gradient material as a gradient structure consisting of different layers with distinct microstructures and mechanical properties.

  

  

  

  

  Ⅱ-11). The mechanism that may lead to the formation of random orientation may involve grain boundary sliding and grain boundary rotation. When the grain size is reduced to the nanometer range, the grain rotation and grain boundary sliding are much easier compared to coarse grains. Grain rotation is another way to accommodate plastic

deformation of nanocrystals. It can effectively increase the misorientation and lead to the formation of disordered nanocrystals

[START_REF] Shin | Kinetics of deformation induced martensitic transformation in a 304 stainless steel[END_REF]

.

  Tab. III-3. Measurement results of residual stress for 304L steel.

	Stress component	Average stress in austenite σ (MPa)	The standard deviation of the stress in austenite s(x) (MPa)	Average stress in martensite σ (MPa)	Standard deviation of the stress in martensite s(x) (MPa)
	   	11 22 12 13	-154.2 93.5 -206.7 -49.2	6.8 6.3 9.7 5.2	239.1 -88.1 -70.8 88.1	5.8 2.1 1.9 2.9
		23	36.1	2.3	34.6	1.1

  30 and Ⅲ-31, the von Mises residual stress in austenite and martensite can be calculated, which are

											4 318  .	25	.	2	MPa	and	2 367  .	18	.	2	MPa	,
	respectively. The hydrostatic stress in austenite and martensite can also be calculated,
	and are		3 . 120 	8	MPa	and	1 56  .	4	.	9	MPa	

  The residual stress of austenite on the top surface is

			4 318  .	25	.	2	MPa	, and the
	residual stress of martensite on the top surface is	2 367  .	18	.	2	MPa

  Tab. III-7. The range and resolution of nanoindenter XP with different load modes.

	Displacement DCM Mode: Loads XP Mode: Loads High Load: Loads	Range 1.5 mm 10 mN 500 mN 10 N	Resolution <0.01 nm 1 nN 50 nN 50 nN

  In this chapter, a dislocation density-based model, which can describe the main deformation mechanisms of TWIP/TRIP steels is developed. The overall tensile stress-strain curve and the kinetics of twinning and martensitic transformation predicted by the model are validated with experimental data available in the literature.

	The model is implemented in a subroutine of ABAQUS Explicit. Furthermore,
	because it is not easy to numerically model SMAT process as SMAT is a process
	involving lots of random balls against the surface of the material, in this work,
	numerical simulations are performed to study a single shot impact process during
	SMAT, based on the obtained fields of residual stress, equivalent plastic strain,
	volume fractions of twin and martensite, etc. It is, therefore, necessary to first
	understand the development of deformation mechanisms during a single impact, in

order to optimize SMAT conditions. The basic idea of this work is to develop a predictive approach based on dislocation density, which allows finally optimizing the treatment conditions through a series of numerical simulations, including multi-impact simulation. Anyway, all the parameters involved in the model should be obtained by experiments. However, this chapter is mainly focused on modeling and demonstrates the capability of the model through single impact simulations.

  de bille. À l'échelle globale, plus la vitesse d'impact appliquée est élevée, plus la fraction volumique de macles et de la martensite est élevée. On peut voir que lorsque la vitesse est de 3 m/s, la fraction volumique de macles et de la martensite est respectivement de 2,0% et 1,2%, et lorsque la vitesse est augmentée à 5

Les figs. 9a et 9b montrent les fractions volumiques de macles et de la martensite, respectivement, tracées sur un chemin passant par le centre de la région d'impact, pour différentes vitesses m/s, la fraction volumique est augmentée à 3,0 % et 4,0%, respectivement. Ces résultats signifient que la vitesse d'impact a un effet significatif sur la génération de macles induits par la déformation et sur la transformation de l'austénite en martensite.

  Fig. 11. Modèle par éléments finis: (a) vue latérale du modèle montrant la cible cylindrique et la bille rigide (b) vue de dessus montrant des éléments plus raffinés dans la zone d'impact de la cible. la déformation plastique est maximale. Comme observé sur la fig. 12c, la densité de dislocations de la phase austénitique est augmentée d'environ trois ordres de grandeur après un seul impact de

	4.2 Résultats et discussion
	La fig. 12 montre la distribution de différents paramètres après un seul impact
	avec une vitesse de 4 m/s. La contrainte résiduelle, la déformation plastique
	équivalente, la densité de dislocations, la fraction volumique de macles et
	l'endommagement induit par un seul impact sont présentés sur la surface cible
	impactée. En raison de l'apparition de l'endommagement, la résistance du matériau
	endommagé sera inférieure à la résistance du matériau sans dommage, en particulier
	lorsque la déformation plastique du matériau pendant la déformation est relativement
	supérieure, comme la distribution des paramètres sans endommagement observé dans
	le chapitre 4. Pour la distribution de la densité de dislocations, la fraction volumique
	de macles et de la martensite du modèle développé au chapitre 4 sans
	m endommagement comparé à celui avec endommagement dans le chapitre 5, on obtient  est la contrainte moyenne macroscopique, et 1 q , 2 q , 3 q sont des des grandeurs similaires presque au même endroit, notamment là où la déformation paramètres constitutifs introduits par Tvergaard pour amplifier l'effet de contrainte plastique équivalente est la plus grande. Dans les deux modèles, la distribution de la hydrostatique pour tous les niveaux de déformation afin de prédire plus précisément la déformation jusqu'à la rupture. Tvergaard a constaté que l'ensemble 5 . 1 1  q , 1 2  q contrainte résiduelle équivalente maximale de von Mises dépend fortement de la , déformation plastique équivalente stockée dans le matériau après un impact. La
	et déformation plastique équivalente est directement liée à l'évolution de la 25 . 2 3  q est valable pour prédire les ruptures, en particulier pour l'acier 316L. Le
	modèle de Gurson décrit les matériaux jusqu'à la rupture comme une augmentation de microstructure. On peut voir que globalement tous ces paramètres ont une distribution
	la fraction de volume de vide jusqu'à un seuil critique. Tvergaard et Needleman très similaire sur la surface impactée. Selon la fig. 12a, la contrainte résiduelle
	(Needleman and Tvergaard, 1984) ont modifié la fraction de volume de vide effectif équivalente maximale atteint 635 MPa après un seul impact. La déformation plastique
	f , comme le montre l'équation suivante: équivalente stockée est également observée après un seul impact, comme le montre la

Les paramètres impliqués dans cette équation sont définis comme suit: * f est la fraction volumique de porosité dans le matériau, y  fait référence à la limite d'élasticité du matériau. e  est la contrainte équivalente macroscopique de von Mises, importante. En raison de la réduction de la résistance, il est plus facile pour le matériau de développer de la déformation plastique avec endommagement pendant le processus SMAT. Comme les paramètres tels que la densité de dislocations, la fraction volumique de macle, etc. sont des fonctions de la déformation plastique, par rapport au matériau sans endommagement, leurs valeurs changeront également en conséquence avec des règles de distribution fondamentalement similaires. On peut voir que tous ces paramètres ont une distribution globale très similaire sur la surface fig. 12b. Comme le développement des dislocations et l'augmentation de la fraction volumique des macles sont tous deux liés à la déformation plastique et au taux de déformation, la fraction volumique maximale de macles est située presque au même endroit où

   est une constante matérielle, M est le facteur Taylor. G , b et  sont respectivement le module de cisaillement, le vecteur de Burgers et la densité de

				ref	  0			f			GB	(16)
	où	0  est la contrainte de frottement due à une solution solide,		f	est liée au
	durcissement isotrope induit par les dislocations forestières, et GB 	est la contrainte
	arrière liée à l'écrouissage cinématique.		f		peut être exprimée par la relation de
	Taylor comme:								
					f 	 MGb		(17)
	dislocation. GB 	est défini comme:						
					GB 	d K HP	(18)
	où HP								
											)
	où	p g  est une contrainte de cisaillement plastique par glissement de dislocation, t 
	est la contrainte de cisaillement plastique de jumelage, t f est la fraction volumique
	du jumelage.								
		La mesure de la résistance mécanique à l'écoulement, ref 	, de l'acier TWIP est
	supposé contenir les informations sur la microstructure, qui se compose de trois
	parties:								

où K est la constante de Hall-Petch et d indique la taille des grains. La relation entre la densité de dislocation  et la contrainte de cisaillement plastique par dislocation p g  peut être exprimée comme suit:

  continue avec le module élastique calculé en utilisant la méthode d'Oliver et Pharr. Un modèle tridimensionnel pour la nanoindentation a été construit, comme le montre la fig. 14. L'indenteur de Berkovich a été défini comme un solide rigide. En revanche, le corps a été établi comme une pièce déformable constituée d'éléments briques en mode incompatible à huit noeuds (C3D8I), où le maillage est plus fin autour de la zone de contact et progressivement plus grand loin de la nanoindentation. Le diamètre de l'échantillon est de 10 mm, avec une profondeur de 5 mm. Le coefficient de frottement entre le pénétrateur et l'acier 316L TWIP est fixé à 0,2, ce qui est typique pour l'analyse de nanoindentation. Pour la nanoindentation avec une valeur constante de ḣ/h, comme le montre la fig. 14a, le modèle par éléments finis est réalisé en utilisant le mode de commande en déplacement. Le paramètre indépendant dans la modélisation par éléments finis est le taux de chargement, réglé sur la même valeur que la mesure d'indentation. Pour les paramètres d'entrée, un module d'Young de 200 GPa et un coefficient de Poisson de 0,3 sont utilisés. Quant aux conditions aux limites, seul le bas de la pièce est encastré pour bloquer tous les mouvements.

  La force maximale à la surface supérieure est deux fois plus grande que celle dans la zone non affectée par SMAT. Il peut être observé que les résultats expérimentaux et les résultats de prédiction par EF ont une bonne cohérence dans les étapes de chargement initial et final à différentes profondeurs au cours du processus de chargement. Cependant, les valeurs prévues au stade intermédiaire de chargement sont inférieures aux valeurs expérimentales, mais la différence n'est pas très significative. On peut donc conclure que le modèle peut relativement bien prédire le processus de chargement. mécaniques différentes. On distingue approximativement quatre régions différentes.Ce sont respectivement la couche de durcissement superficiel, la couche de durcissement inférieure, la région intérieure non affectée par SMAT et la région de transition entre les deux dernières.En suivant la règle de mélange, le comportement global de déformation visco-élastoplastique des matériaux nanostructurés à gradient peut être exprimé:  est la contrainte d'écoulement de la ième couche. fi est la fraction volumique de la ième couche qui peut être calculée en divisant l'aire de la ième couche par la totalité de la section transversale du matériau dégradé, comme indiqué dans la Tab. 2. Tab. 2. La fraction volumique de la ième couche. Quatre courbes contrainte-déformation calculées par le modèle de densité de dislocations sont représentées sur la fig. 16, qui correspondent aux quatre couches distinctes. Comme le montre la fig. 17, en utilisant les quatre relations contrainte-déformation calculées, la relation contrainte-déformation de l'acier 316L SMATé a été calculée en moyennant les 4 contributions. La fig. 17 montre également la relation contrainte-déformation expérimentale du matériau traité. On peut voir que la résistance du matériau SMATé est améliorée, bien que l'épaisseur de la couche de renforcement soit beaucoup plus petite que le substrat non traité à coeur.

								t y		N  1  i	i f 	i y	(20)
	où		t y	est la contrainte d'écoulement moyenne du matériau à gradient, N est le
	nombre de couches,	i y	
		La couche	La couche de durcissement de surface	Couche de durcissement souterraine	La région de transition	La région intérieure non touchée par le SMAT
		Fje (%)			0,33		15,64	14,58	69,44

[START_REF] Guo | Examination of thermal properties by scanning thermal microscopy in ultrafine-grained pure titanium surface layer produced by surface mechanical attrition treatment[END_REF]

, les courbes expérimentales charge-déplacement sont comparées aux résultats de la modélisation, à différentes profondeurs de 3, 70, 300 et 600 μm, avec une vitesse de déformation ḣ/h = 0,05/s où h est le déplacement de l'indenteur. Comme le SMAT génère une nanostructure, la force maximale de la courbe force-déplacement de la nanoindentation sera plus élevée si elle est plus proche de la surface traitée (en effet plus la profondeur de la surface traitée est petite, plus la taille des grains est petite).

In troductionLe SMAT peut transformer un matériau à gros grains au niveau de sa surface supérieure en un matériau nanostructuré. La fig.1montre une microstructure en coupe transversale typique d'un échantillon de titane pur après traitement SMAT pendant 30 min. Globalement, un gradient de microstructure avec une distribution de grains de quelques nanomètres à plusieurs micromètres peut être observée dans la région affectée par le SMAT. On distingue grossièrement trois régions différentes. Ce sont respectivement la couche nanostructurée, la région intérieure non affectée par SMAT et la région de transition entre elles.

L'échantillon a été traité par SMAT pour générer un gradient de microstructure dans la région proche de la surface. Le SMAT est basé sur l'impact multidirectionnel de billes sphériques avec la surface de l'échantillon. Comme la résistance mécanique de l'acier 304L n'est pas très élevée, des billes de petit diamètre sont choisies dans ce travail, et le diamètre de billes est de 2 mm. Le SMAT est réalisé grâce à une sonotrode à ultrasons de haute fréquence (20 kHz). Le SMAT est effectué pour couvrir toute la surface utile de l'échantillon. Concernant les conditions du SMAT, les échantillons sont traités par SMAT pendant 15 min à 30% de puissance du générateur, suivi d'un traitement de 5 min à 50% de puissance du générateur, ce qui correspond à une intensité de traitement relativement élevée.

martensitique (b) obtenue avec différentes vitesses d'impact, tracées le long du chemin passant par le centre de la région d'impact sur la surface cible. L'impact de la vitesse de la bille est également étudié dans ce travail sur la pénétration. Pour observer cet effet, on fait varier la vitesse d'impact de 3 m/s à 5 m/s. La fig. 10 montre la variation du déplacement vertical résiduel en fonction de la distance du centre de la zone de contact pour différentes vitesses de bille de 3 m/s, 4 m/s et 5 m/s, respectivement. Pour ces trois simulations d'impact, des billes de même diamètre (2 mm) et de même angle d'incidence (θ = 90 °) ont été utilisées. Comme on peut le voir sur la fig. 10, le déplacement vertical maximal augmente avec l'augmentation de la vitesse de bille. Lorsque la vitesse d'impact passe de 3 m/s à 5 m/s, le déplacement passe de 4,2 mm à 7 mm. Le déplacement vertical résiduel est le résultat d'une déformation plastique permanente due aux chargements d'impact.Pendant les impacts, une certaine quantité d'énergie cinétique de la bille est convertie en énergie potentielle stockée dans le matériau sous forme de déformation plastique, de maclage et de transformation de phase. À une vitesse d'impact de 5 m/s, l'énergie cinétique de la bille est beaucoup plus élevée que celle pour une vitesse de 3 m/s,
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