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Ré sumé

Les effets du SMAT sur les proprié té s en fatigue uniaxiale et en torsion ont é té é tudié s pour un alliage d'aluminium 7075. Des é prouvettes de fatigue ont é té traité es thermiquement pour augmenter la sensibilité du maté riau au SMAT. Certaines proprié té s de cet alliage traité par SMAT ont é té caracté risé es par des essais de traction et de microdureté . Par rapport à l'é tat brut d'usinage (AM), les duré es de vie en fatigue uniaxiale des é prouvettes SMATé es (AM-SMAT) sont augmenté es pour des amplitudes de contrainte é levé es, mais diminué es pour de faibles amplitudes. Cependant, pour les é prouvettes traité es thermiquement (HT), leurs duré es de vie aprè s SMAT (HT-SMAT) sont augmenté es pour toute la gamme de contraintes é tudié e. Des phé nomè nes similaires ont é té observé s pour les é prouvettes testé es en fatigue sous sollicitations en torsion. D'autres analyses ont é té effectué es pour é tudier la dispersion des donné es de fatigue avec une approche statistique. Les mé canismes de fissuration ont é té analysé s à l'aide d'observations des éprouvettes rompues. Il a été mis en évidence que les mécanismes sont différents pour les éprouvettes présentant différents états et qu'ils dé pendent é galement du niveau de contrainte imposé e. En se basant sur ces ré sultats, les effets bé né fiques et né fastes du traitement SMAT ont é té analysé s. Le rôle joué par diffé rents facteurs comme les contraintes ré siduelles, le raffinement des grains et la rugosité de surface, a é té examiné pour la fatigue sous sollicitations uniaxiale et en torsion.

Mots clefs: Grenaillage de pré contrainte, Aluminium Alliage, Mé taux-Traitement thermique, Maté riaux-Fatigue, Fissuration. 
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General introduction

Fatigue failures such as fatigue fracture, fretting fatigue, wear, corrosion, are very sensitive to the materials' surfaces, which leads to the limitation in the application of the materials [START_REF] Gallitelli | Effects of conventional shot peening and surface mechanical attri-tion treatment on the mechanical properties of a Titanium alloy[END_REF] [START_REF] Arifvianto | Effect of surface mechanical attrition treatment (SMAT) on microhardness, surface roughness and wettability of AISI 316L[END_REF]. Therefore, surface treatment techniques become an important research area in the material industry since optimization of the surface structures and properties can effectively enhance the mechanical behaviour of a material. During the past decades, the technology of surface treatment process by severe plastic deformation (SPD) has attracted increasing interests due to its advantages over other methods, such as chemical deposition or composite materials. Various surface deformation processes such as Air Blast and Ultrasonic Shot Peening [3]- [START_REF] Wu | Microstructure and evolution of mechanically-induced ultrafine grain in surface layer of AL-alloy subjected to USSP[END_REF], Equal Channel Angular Pressing (ECAP) [START_REF] Chung | Improvement of high-cycle fatigue life in a 6061 Al alloy produced byequal channel angular pressing[END_REF][8], laser shock peening [START_REF] Yang | Laser shock peening on fatigue behavior of 2024-T3 Al alloy with fastener holes and stopholes[END_REF][10], deep-rolling [START_REF] Nalla | On the influence of mechanical surface treatments-deep rolling and laser shock peening-on the fatigue behavior of Ti-6Al-4V at ambient and elevated temperatures[END_REF], roller-burnishing [START_REF] Hassan | The effects of balland roller-burnishing on the surface roughness and hardness of some non-ferrous metals[END_REF],

high pressure torsion [START_REF] Zhilyaev | Using high-pressure torsion for metal processing: Fundamentals and applications[END_REF], Surface Mechanical Attrition Treatment (SMAT) [14][15] have been proposed in the literature. The overall properties and performance upgraded from surface deformation processes are mainly due to plastic deformation without changing the chemical compositions of materials. A great number of crystallographic defects such as plastic slips can be generated during the process, which accordingly leads to a thin ultrafine-grained or nanostructured layer at the surface of the treated metallic materials [16][17]. The parameters generated by surface mechanical treatment include ultrafine grained layer, residual stress, work hardening, sometimes with phase transformation or twinning. These parameters together constitute a gradient microstructure feature in the near surface region of severely plastically deformed metallic materials. The gradient microstructure could have significant effects on the performances of materials, since engineering components are mostly loaded on their surfaces, for example in the case of friction, torsion or contact loadings.

In addition, it is well known that both high strength and sufficient ductility are important to obtain high fatigue resistance for nanostructured metals and alloys.

Unfortunately, the ductility of materials is in general severely impaired after SPD treatment processes [START_REF] Maurel | How does surface integrity of nanostructured surfaces induced by severe plastic deformation influence fatigue behaviors of Al alloys with enhanced precipitation?[END_REF]. Therefore, it is necessary to improve the mechanical properties in terms of ductility and toughness [START_REF] Wang | Strain hardening, strain rate sensitivity, and ductility of nanostructured metals[END_REF]. It is well known that the ductility can be obtained through heat treatment [20][21]. The combination of heat treatments with surface mechanical treatments on specific materials is thus an interesting issue and needs to be investigated. In many areas, the demand for material security especially the ability of fatigue resistance is becoming stronger. The majority of failures in engineering materials such as fatigue fracture, fretting fatigue, wear and corrosion, are very sensitive to the structure and the properties of material surface. This is due to the fact that in most cases, failure originates from the external surface of work piece. Therefore, it would be reasonable to apply an approach to enhance the material properties at the surface of the part [START_REF] Bagheri | Review of shot peening processes to obtain nanocrystalline surfaces in metal alloys[END_REF]. There are many methods including shot peening [START_REF] Kumar | Effect of ultrasonic shot peening on LCF behavior of the Ti-6Al-4V alloy[END_REF][23], laser shock peening [START_REF] Yang | Laser shock peening on fatigue behavior of 2024-T3 Al alloy with fastener holes and stopholes[END_REF][10], deep-rolling [START_REF] Nalla | On the influence of mechanical surface treatments-deep rolling and laser shock peening-on the fatigue behavior of Ti-6Al-4V at ambient and elevated temperatures[END_REF], roller-burnishing [START_REF] Hassan | The effects of balland roller-burnishing on the surface roughness and hardness of some non-ferrous metals[END_REF] and high pressure torsion [START_REF] Zhilyaev | Using high-pressure torsion for metal processing: Fundamentals and applications[END_REF] to improve the fatigue life of materials. Among these methods, shot peening is one of the most popular methods to generate a strengthened layer at the surface of materials.

Shot peening is a mechanical surface treatment in which small peening media with sufficient hardness are accelerated in various kinds of peening device. The peening media with high kinematic energy impact the surface of the treated work piece to generate surface plastic deformation [START_REF] Guagliano | Fatigue crack growth behavior of nitrided and shot peened specimens[END_REF]. During the process of shot peening, shot media are mainly propelled by air blast systems, centrifugal blast wheels or vapor blast machines. The schematic description of a shot peening device is shown in Fig 1-1 [START_REF] Bagheri Fard | Effects of surfaces nanocrystallization induced by shot peening on material properties : a Review[END_REF].

One of the aims of the process is to generate compressive residual stresses close to the surface. It is well known that compressive residual stresses are highly beneficial for fatigue resistance of materials. During impact loading, if the magnitude of the generated stress is higher than the yield stress of the material, the residual stress will be retained due to plastic deformation. After a great number of impacts, a stable compressive residual stress field can be produced in the near surface region, and a tensile stress field is generated in the bulk for the sake of stress self-equilibrium of the whole structure.

There is a lot of work about the capability of shot peening in improving the mechanical properties of materials [START_REF] Guagliano | Fatigue crack growth behavior of nitrided and shot peened specimens[END_REF][26] [START_REF] Guagliano | Relating Almen intensity to residual stresses induced by shot peening: A numerical approach[END_REF], and most of them affirm that the effect of shot peening is mainly related to the induced residual stresses. converts electrical energy into mechanical motion through an ultrasonic generator [START_REF] Azadmanjiri | Development of Surface Nano-Crystallization in Alloys by Surface Mechanical Attrition Treatment (SMAT)[END_REF].

The balls are placed in a chamber, and they are vibrated by this ultrasonic generator through a sonotrode. The system's operating frequency is very high (20 kHz), which is able to project the balls with a desired speed. Compared to shot peening, SMAT has more treatment parameters such as shot size and shot velocity [START_REF] Gallitelli | Effects of conventional shot peening and surface mechanical attri-tion treatment on the mechanical properties of a Titanium alloy[END_REF], although these two methods share a similar concept. The diameter of the 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 [START_REF] Dai | Comparison between shot peening and surface nanocrystallization and hardening processes[END_REF]. The flying directions of these balls in the chamber are random, and the balls impact the surface of the sample randomly. Each impact can cause a high strain rate plastic deformation on the surface of material. Therefore, repeated multidirectional impacts can lead to severe plastic deformation along different directions as seen in Fig

1-2 (b).
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 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. A compressive residual stress field associated with a work hardening area will be generated after treatment, which is usually helpful for improving fatigue life of mechanical parts by delaying the initiation and propagation of fatigue cracks [START_REF] Tao | Surface nanocrystallization of iron induced by ultrasonic shot peening[END_REF]. Moreover, when these repetitive multidirectional impacts are strong enough, they are able to induce a nanostructured layer at the surface of material [START_REF] Lu | Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment[END_REF]. Therefore, SMAT can significantly improve the mechanical properties of materials such as hardness, yield strength, fatigue and wear properties under various loading conditions [START_REF] Roland | Fatigue life improvement through surface nanostructuring of stainless steel by means of surface mechanical attrition treatment[END_REF]. As mentioned above, the near surface region of material is repeatedly impacted by spherical shot with high strain rate, which can lead to a progressive grain size refinement at the surface. However, the interior region of the material is not mechanically deformed and the material's features as well as its properties remain unchanged. A gradient microstructure is thus generated by SMAT from the treated surface to the interior region. The particularity of SMAT is that it can transform the top surface layer of material from coarse grains to nano-sized grains [START_REF] Lu | Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment[END_REF][36] [START_REF] Tao | An investigation of surface nanocrystallization mechanism in Fe induced by surface mechanical attrition treatment[END_REF]. This nanostructured layer, even if it is thin in general, could have significant effects on the performance of material by enhancing its mechanical properties at surface.

Understanding the formation of gradient microstructure during the SMAT process is crucial for optimizing the involved SMAT parameters. deformation temperature, and so on [START_REF] Tao | An investigation of surface nanocrystallization mechanism in Fe induced by surface mechanical attrition treatment[END_REF]. During the SMAT process, different microstructures can be obtained within the deformed surface layer along the depth from the treated surface to the interior, i.e. from nano-sized grains to submicro-sized and micro-sized crystallites. This gradient structure results from the gradient features of the applied strain and strain rate along the depth, from very large (top surface layer) to zero (strain-free bulk). Since the effect of multi-impact gradually decreases from the treated surface to the bulk of the treated part, the residual stresses and the work hardening should also have a gradual variation trend in the near surface layer. These elements including the nanostructured layer, the mixed grain size region, the gradual variations of residual stresses and work hardening together constitute the gradient microstructural features of SMATed materials [START_REF] Duan | Microstructural evolution of AZ31 Mg alloy with surface mechanical attrition treatment: Grain and texture gradient[END_REF]. strain rate in the surface region subjected to SMAT [START_REF] Lu | Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment[END_REF].

Similar to the grain refinement mechanism during plastic deformation of bulk metals, the formation of nanostructures from coarse-grained polycrystals in the surface layer involves various dislocation activities and development of grain boundaries. It is well known that SFE strongly affects plastic deformation behaviour and dislocation activities in metals. In the materials which possess high SFE, the formation of dislocation walls and dislocation tangles are responsible for the grain refinement.

Dislocation walls and dislocation tangles are generated in original grains, and then the sub-boundaries are formed from these dislocation walls and dislocation tangles. Finally, the highly misoriented grain boundaries are formed from sub-boundaries, which leads to the formation of nanostructures in the top surface layer [START_REF] Wen | Microstructural characteristics of a nanoeutectic Ag-Cu alloy processed by surface mechanical attrition treatment[END_REF]. For the materials with low SFE, the combination of formation of dislocation arrays and twins, along with stress-induced martensitic transformation, are the major mechanisms for the formation of nanostructures [START_REF] Sun | Plastic strain-induced grain refinement in the nanometer scale in a Mg alloy[END_REF].

In general, coarse grains can be refined by SMAT to about 10 nm at the top treated surface, and the grain size increases with the depth in a thickness of about 50-60 μm for most metallic materials depending on the treatment conditions. In the literature, various materials have been studied, such as iron [START_REF] Tao | An investigation of surface nanocrystallization mechanism in Fe induced by surface mechanical attrition treatment[END_REF], austenitic steels [START_REF] Roland | Fatigue life improvement through surface nanostructuring of stainless steel by means of surface mechanical attrition treatment[END_REF][42] [START_REF] Zhang | Formation of nanostructured surface layer on AISI 304 stainless steel by means of surface mechanical attrition treatment[END_REF], low carbon steels [START_REF] Wang | Effect of surface nanocrystallization on friction and wear properties in low carbon steel[END_REF], aluminium [START_REF] Wu | Microstructure and evolution of mechanically-induced ultrafine grain in surface layer of AL-alloy subjected to USSP[END_REF] and titanium [45][46]. Underneath the nanostructured layer, plastic deformation induced microstructures have been characterized by different means including scanning electron microscope (SEM), electron backscattered diffraction (EBSD), transmission electron microscopy (TEM) and X-ray diffraction (XRD). Meanwhile, these gradient features have been highlighted

through some microscopic mechanical testing techniques such as nano-indentation [START_REF] Huang | Nanomechanical properties of nanostructured titanium prepared by SMAT[END_REF][47], microhardness [START_REF] Lu | Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment[END_REF][33], micro-pillar compression [47][48].

b. Residual stress

Mechanical surface treatment technologies (such as shot peening or SMAT) are capable of generating a compressive residual stress field in the region close to the surface of a structure [START_REF] Yang | Residual stress provides significant strengthening and ductility in gradient structured materials[END_REF]. They can improve the fatigue properties of material because the compressive residual stress can increase the surface resistance to crack initiation and reduce the crack propagation rate through modifying the stress field. Residual stress can be introduced in mechanical parts during nearly all the manufacturing processes through mechanical, thermal or chemical approaches [START_REF] Prakash | The Effect of Residual Stress on Fatigue crack growth rate in AISI 304LN Stainless Steel[END_REF].

SMAT is a cold working process performed at room temperature in which the surface of a component is impacted by random flying balls. The shot impacts during SMAT will generate compressive residual stresses in the near surface region. Fig 1234shows a typical residual stress profile generated via ball impacts [START_REF] Library | INDUCED BY SURFACE MECHANICAL ATTRITION TREATMENT ( SMAT ) IN AISI[END_REF]. The local plastic deformation due to impingement provides stretching at the upper surface of the material.

Upon unloading (ball spring back), the elastically stressed sub-surface layers tend to recover their original dimensions. However, the continuity of the material in both zones, i.e. the elastic and the plastic, does not allow this to occur. As a result, a residual compressive stress layer is generated in the surface layer and a tensile residual stress field is formed throughout the sub-surface even the bulk of the material. Work hardening is introduced along with residual stresses by SMAT, and it is in general beneficial for enhancing the fatigue life of materials. Work hardening also named strain hardening is a macroscopic phenomenological description of most metals that become strengthened when they are plastically deformed. In order to understand the mechanism of work hardening, a true-stress vs true-strain curve obtained from a uniaxial tensile test with several loading and unloading cycles is given in Fig 1 -7. The tensile test begins at ⓪ and then goes upwards elastically to ① which is the stress level corresponding to the elastic limit (σ). Afterwards, keep loading until ② and then unloading to ③. An elastic behaviour is observed again when the load is re-applied, but with a loading path being slightly different from the unloading path. A higher new elastic limit σ can be observed and the elastic part does not end by the initial elastic limit σ this time. Similarly, a higher elastic limit σ3 can be observed if this loadingunloading cycles repeat again. This means that after a loading-unloading cycle, a higher stress needs to be applied in order to yield the material again. Keep doing these loadingunloading cycles, the elastic limit of each new loading part will keep increasing. This kind of strengthening performance of metallic materials is called work hardening, and it usually occurs in the process of metals forming at room temperature. The mechanism of work hardening forming is closely related to dislocations. It is well known that in metals plastic deformation occurs through dislocation movement [START_REF] Seeger | Work-hardening and worksoftening of face-centred cubic metal crystals[END_REF]. When dislocations move, they are more likely to encounter and interact with other dislocations or crystalline defects, thereby producing resistance to further motion. In addition, the number of dislocations in a metal during deformation drastically increases (usually by several orders of magnitude), which further enhances the probability of interaction between dislocations. If more dislocations are within a metal, they will more probably interact and become pinned or tangled [START_REF] Kuhlmann-Wilsdorf | Dislocation cell formation and work hardening in the unidirectional glide of f.c.c. metals I: Basic theoretical analysis of cell walls parallel to the primary glide plane in early stage II[END_REF]. This will result in a decrease in the mobility of the dislocations and a strengthening of the metal. As the dislocation density increases, there is an increase in the flow stress of the material. However, the ductility (rate of elongation or reduction of area) will decrease at the same time.

Due to the difficulty in work hardening measurement, its beneficial effect on improving the fatigue properties of metallic materials is usually neglected. Work hardening generated by peening technology can also influence the local stress-strain behaviour and the microstructure of materials, and it should have a considerable effect on crack initiation and propagation [START_REF] Kuwabara | Measurement and analysis of differential work hardening in cold-rolled steel sheet under biaxial tension[END_REF]. without the presence of macroscopic plastic deformation. Moreover, HCF has lower imposed stress amplitudes than LCF, and the stress amplitudes are also lower than the yield strength of the material. The dominant strain in HCF is elastic, while the dominant strain in LCF is plastic [START_REF] Xin | Durability and reliability in diesel engine system design[END_REF].

Fatigue properties of materials

In comparison with LCF, some authors reported that the correlation between the effect of surface treatment on fatigue life and the applied stress seems to be more obvious in HCF. For example, Zhou et al. [START_REF] Zhou | Effect of surface mechanical attrition treatment on low cycle fatigue properties of an austenitic stainless steel[END_REF] reported that the enhancement of fatigue life due to shot peening was progressively reduced with a decrease in fatigue load.

However, Kumar et al. [START_REF] Kumar | Effect of ultrasonic shot peening on LCF behavior of the Ti-6Al-4V alloy[END_REF] indicated that the improvement of fatigue life induced by ultrasonic shot peening became more effective when the applied stress was decreased.

Therefore, it is crucial to design durable components through understanding the fatigue properties of materials processed by surface treatment technology [START_REF] Zhang | Very High Cycle Fatigue of a Cast Aluminum Alloy: Size Effect and Crack Initiation[END_REF]. the maximum shear stress planes will accommodate a large amount of plastic deformation, and the microstructure on these planes will gradually change with the increasing cycles, which finally leads to the initiation of fatigue cracks. Therefore, shear stress can cause fatigue damage and it is regarded as the driving force for fatigue crack initiation as shown in . It should be mentioned that under tensioncompression loading, the maximum shear stress is along the plane of 45° to the loading direction, while under torsional loading, the maximum shear stress is either parallel or perpendicular to the loading axis.

After micro-scale cracks turn up on the maximum shear stress planes, the principal stress on the cracking plane will contribute to the opening of the crack surfaces. This will furthermore increase the degree of stress concentration at the crack tips and assist the development of micro-scale cracks, as illustrated in Li et al. [START_REF] Li | Fatigue cracking and fracture behaviors of coarse-grained copper under cyclic tension-compression and torsion loadings[END_REF] investigated the early propagation of fatigue cracks of polycrystalline copper under cyclic tension-compression. Many cracks either intragranular or intergranular were found to form along the maximum shear stress planes, i.e. 45° with respect to the loading direction (Fig 123456789). This finding is consistent with the conclusion mentioned previously. However, in the case of torsional loading, the results obtained also by Li et al. [START_REF] Li | Fatigue cracking and fracture behaviors of coarse-grained copper under cyclic tension-compression and torsion loadings[END_REF] are totally different. Most cracks were found to propagate either parallelly or perpendicularly to the axis of the specimen, as shown in These results are concordant with the viewpoint that the maximum shear stress prompts the initiation and early propagation of fatigue cracks. After understanding the mechanism of fatigue crack initiation and early propagation, the mechanism of stable crack propagation needs to be clarified. In general, crack propagation is typically characterized by the appearance of fatigue striations for many materials. In order to better understand the crack growth, it is thus necessary to analyse fatigue striations on the fracture surface.

Based on tension-compression fatigue, Laird et al. [START_REF] Laird | The influence of metallurgical structure on the mechanisms of fatigue crack propagation[END_REF] proposed a physical model Moreover, compared to crack initiation resistance, the average crack growth resistance will not vary significantly. Hence the scatter of fatigue crack growth of macro cracks should be expected to be low, which means that significant scatter of the total fatigue life must be mainly due to the scatter of the crack initiation stage. This result can also be observed, as shown in The crack initiation stage was defined as the life for a crack to reach a length of 0.5 mm.

The graph shows more pronounced scatter for the initiation period at low stress levels.

For the crack growth stage, fatigue data scatter is less significant, and it remains approximately constant for all the applied stress levels. The phenomenon of more pronounced scatter at low stress amplitudes and less significant at high amplitudes was also observed through the S-N data of rotating beam tests for unnotched 7075-T6 specimens, as displayed in Since the crack initiation process determines the fatigue data scatter, it is important to well know the factors which have influence on the crack initiation period. In fact, in most commercial materials, cracks nucleate from surface defects such as inclusions and pores. When cracks nucleate from the surface defects, the scatter of fatigue life could be strongly correlated with the distribution of defect sizes [START_REF] Luo | A probabilistic methodology for fatigue life prediction[END_REF]. For example, the fatigue life of cast aluminium alloys and powder metallurgy alloys is strongly dependent on the elaboration-induced defects (e.g. pores, pits, cavities, inclusions, oxide films [START_REF] Ting | a Cast Aluminum Alloy[END_REF]). (b) results of rotating beam tests for unnotched 7075-T6 specimens [START_REF] Schijve | Fatigue Predictions and Scatter[END_REF].

In order to analyze the obtained fatigue data, a variety of approaches can be found in the literature. Among these, a stress-based approach was proposed by Basquin [START_REF] Kun | Universality behind Basquin's law of fatigue[END_REF]:

' (2 )  = b a f f N (1-1)
where 

  = c ff N (1-2) (2 ) 
where 𝜀 𝑎 , 𝜀 𝑓 ′ and c correspond to strain amplitude, fatigue ductility coefficient, and fatigue ductility exponent, respectively [START_REF] Pugno | A generalized Paris' law for fatigue crack growth[END_REF][72].

As mentioned above, since defects distribution might be different from specimen to specimen, fatigue test results often show large scatter in fatigue life [START_REF] Zhang | Very High Cycle Fatigue of a Cast Aluminum Alloy: Size Effect and Crack Initiation[END_REF]. In this case, if many specimens are tested until failure, the obtained numbers of cycles will differ very much. Therefore, it is necessary to define a failure probability to predict the fatigue strength or fatigue life by using P-S-N (stress-number of cycles to failure with a specified survival probability) curves [START_REF] Serrano-Munoz | Influence of surface and internal casting defects on the fatigue behaviour of A357-T6 cast aluminium alloy[END_REF]- [START_REF] Dezecot | Microstructural characterization and high cycle fatigue behavior of investment cast A357 aluminum alloy[END_REF]. A P-S-N curve means that the probability of failure P is introduced and interconnected with the two other main quantities S and N.

Many distribution laws such as Normal, Lognormal, Exponential and Weibull can be used to obtain P-S-N curves. Among these distribution laws, Weibull distribution is often used and it was also adopted in our work in order to analyse fatigue data and predict fatigue life.

Influencing factors for fatigue resistance

As mentioned previously, nearly all the manufacturing and mechanical processes such as deep-rolling, shot-peening and SMAT can simultaneously introduce residual stresses, work hardening and rough surface into components. These factors will affect the fatigue properties of treated materials during fatigue tests or service. In this section, the roles played by these factors will be discussed.

Role of residual stress

In general, similar to shot peening, one of the beneficial effects of SMAT on fatigue performance is related to superficial compressive residual stresses. They are generated by inhomogeneous plastic deformation caused by multiple impacts during the surface treatment process.

Many investigations presented in the literature have confirmed that the presence of compressive residual stresses at the surface of materials/components/structures are beneficial for improving fatigue life. Therefore, components are expected to have high resistance against fatigue failure, and many designers apply engineering techniques to generate compressive residual stresses at the surface of material [START_REF] Maurel | How does surface integrity of nanostructured surfaces induced by severe plastic deformation influence fatigue behaviors of Al alloys with enhanced precipitation?[END_REF][79]- [START_REF] Inoue | Mechanism of fatigue life improvement due to fine particle shot peening in high strength aluminum alloy[END_REF].

In This phenomenon means that the correlation between compressive residual stress and fatigue life improvement is sometimes not clear [START_REF] Torres | An evaluation of shot peening, residual stress and stress relaxation on the fatigue life of AISI 4340 steel[END_REF]. As a matter of fact, other factors such as the rough surface of specimen introduced by the impacts of shot could play an important role in fatigue life because fatigue cracks are prone to initiate from specimen surface. In extreme cases, it has been found that the rate of residual stress relaxation can be drastic in the early stage of fatigue cycling, which means that it can be relaxed entirely in the first few load cycles [START_REF] Zhuang | Investigation of residual stress relaxation under cyclic load[END_REF]. The relaxation during the first cycle depends on the monotonic yield strength of the material in tension and compression, while the relaxation during the subsequent cycles is related to the cyclic yield strength, thus dependent on the cyclic plastic strain amplitudes [START_REF] Dalaei | Stability of shot peening induced residual stresses and their influence on fatigue lifetime[END_REF][89].

Dalaei et al. [START_REF] Dalaei | Stability of shot peening induced residual stresses and their influence on fatigue lifetime[END_REF] investigated the residual stress stability of micro-alloyed steel treated by shot peening under fully reversed strain-controlled tension-compression fatigue tests at room temperature. The tests were carried out respectively with a total strain amplitude of 0.25, 0.3, 0.4, 0.6 and 1%. The residual stress measurements took place at the end of full strain cycles. The relaxation of surface residual stress for different strain amplitudes is displayed in Fig 1 -18. At a strain amplitude of 1%, the residual stress was almost totally relaxed after the first cycle. For 0.6% and smaller total strain amplitudes however, the relaxation is successively lower and mainly took place during the first cycle, followed by incrementally reduced changes during further cyclic loading. For smaller strain amplitudes, larger compressive residual stresses remained almost throughout the fatigue tests. For the lowest total strain amplitude (0.25%), the relaxation is very limited and the change in absolute value of residual stress is less than 100 MPa after 1 million cycles. 

Role of work hardening

Besides the beneficial effect of compressive residual stresses as mentioned above, work hardening introduced by shot peening or SMAT can lead to better fatigue resistance as well [START_REF] Dalaei | Stability of shot peening induced residual stresses and their influence on fatigue lifetime[END_REF]. Experiments showed that softened and hardened materials exhibit different residual stress sensitivities [START_REF] Macherauch | INTRODUCTION TO RESIDUAL STRESS[END_REF]. As a matter of fact, metals with higher hardness have better stability of the initial residual stress state during fatigue loading.

In higher hardness material state, residual surface stresses are more stable [START_REF] Nikitin | Correlation between residual stress and plastic strain amplitude during low cycle fatigue of mechanically surface treated austenitic stainless steel AISI 304 and ferritic-pearlitic steel SAE 1045[END_REF], while in the lower hardness material state, the induced residual stresses can easily relax during the fatigue process [START_REF] Macherauch | INTRODUCTION TO RESIDUAL STRESS[END_REF].

In the work hardened area, dislocations are formed and become tangled, which could enhance the strength and the hardness of material. Moreover, the induced work hardening can retard the fatigue micro cracks growth. However, although both residual stresses and work hardening may be responsible for increase in fatigue life, some investigations claimed that the fatigue strength improvement is mainly attributed to the hardening of the surface layer of material rather than the induced residual stress field [START_REF] Ferná Ndez Pariente | About the role of residual stresses and surface work hardening on fatigue ΔKth of a nitrided and shot peened low-alloy steel[END_REF]. The reason is that the residual stress tends to relax during the test while the hardening is more stable [START_REF] Dalaei | Stability of shot peening induced residual stresses and their influence on fatigue lifetime[END_REF].

Finally, similar to the role played by residual stress in fatigue tests, high work hardening of treated specimen may not lead to high fatigue resistance due to some detrimental factors (rough surface for instance) introduced simultaneously by SMAT.
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For example, in the work of Kumar et al. [START_REF] Kumar | Influence of surface mechanical attrition treatment duration on fatigue lives of Ti-6Al-4V[END_REF], longer duration of SMAT leads to higher microhardness of Ti-6Al-4V as seen in . However, the fatigue strength is higher for the specimens treated during lower duration as shown in . The authors claimed that, on the one hand, a large number of dense dislocation walls, dislocation tangles and sub-grains with low angle boundaries are present in the work hardened layer, and crack nucleation can be retarded by such distorted microstructures [START_REF] Wagner | Mechanical surface treatments on titanium, aluminum and magnesium alloys[END_REF]. On the other hand, a large extent of micro-damages/cracks is induced by the impacting balls, which acted as potential stress raisers. Therefore, it was reported that micro-damage increases with the increase in treatment duration, which could markedly increase the probability of the macrocrack initiation [START_REF] Kumar | Influence of surface mechanical attrition treatment duration on fatigue lives of Ti-6Al-4V[END_REF]. 

Role of surface roughness

As mentioned above, some micro-cracks and high surface roughness induced by SMAT act as micro-notches and provide preferential sites for crack initiation and result in the reduction in fatigue life of specimens [START_REF] Gao | Effect of surface mechanical attrition treatment on high cycle and very high cycle fatigue of a 7075-T6 aluminium alloy[END_REF].

In the work of Shahzad et al. there is a decrease of about 10% in fatigue strength, while in the high cycle fatigue regime, the decrease is about 30%, i.e. three times higher. This seems to confirm that surface roughness plays a vital role especially in high cycle fatigue since a major part of fatigue life is consumed by crack nucleation. shows crack growth curves for an as-cast specimen and a polished one. The crack length was measured from surface replicas. It is evident that the polished specimen needs a much longer time (cycles) than the as-cast specimen to develop a microcrack. Since rough surface can be introduced by the impacts of shot, it is important to understand the factors which influence the roughness value during surface mechanical treatment. The duration is regarded as one of the dominant factors according to the work of Pandey et al. [START_REF] Pandey | Role of ultrasonic shot peening on low cycle fatigue behavior of 7075 aluminium alloy[END_REF]. In their work, USSP was adopted to treat an AA7075 for different durations of 30, 60, 180 and 300 s at a given vibration amplitude. The average surface roughness of the specimens subjected to USSP for different durations is given in Table 1-1. Surface roughness may be seen to be very low for the un-USSPed sample as compared to those of the USSPed ones, and it is increased with the duration of USSP.

The high roughness value from the initial stage of USSP is due to large ridges resulting from deep impressions of the balls. However, subsequent impingement of balls on the ridges reduced the tendency of rapid increase in roughness and it became almost constant. In the work of Arifvianto et al. [START_REF] Arifvianto | Effect of sandblasting and surface mechanical attrition treatment on surface roughness, wettability, and microhardness distribution of AISI 316L[END_REF], they investigated the surface morphologies of an AISI 316L steel SMATed with various processing durations. For this purpose, the In the work of Dai et al. [START_REF] Dai | Finite element modeling of the surface roughness of 5052 Al alloy subjected to a surface severe plastic Reference 191 deformation process[END_REF], they proposed three stages (i.e. increasing, decreasing, and constant surface roughness) during the surface roughness evolution in the treatments which involve a multiple milling ball impact. In the stage I, the roughness increases due to the pile-up formation near the indent or crater in several locations on the surface. The surface is inhomogeneous because only some portions have been impacted repeatedly by the milling balls. In the stage II, the entire surface is covered by the indents or craters, and even some locations have been impacted several times.

The height of the peak to valley on the surface reduces and the valley depths are no longer affected by the repeated impact. As a result, a decreased surface roughness can be observed in this stage. The stage III is a steady-state condition of the surface, in which the surface roughness is nearly constant since severe changes on the peak to valley heights no longer occur. In this stage, the rate of generating peaks and valleys is in a dynamic equilibrium with that of reducing peaks. According to the sequences proposed in Ref. [START_REF] Villegas | Nanocrystallization of a nickel alloy subjected to surface severe plastic deformation[END_REF], the first and the second 5 min of SMAT may correspond to the stage I and the stage II, respectively, whereas the stage III may be achieved by such treatment with a duration of up to 10 min.

Similarly, the variation on the ball number and diameter was also investigated by Arifvianto et al. [START_REF] Arifvianto | Effect of sandblasting and surface mechanical attrition treatment on surface roughness, wettability, and microhardness distribution of AISI 316L[END_REF]. Samples were treated for 15 min using 125, 250, and 375 stainless steel balls with a same diameter of 4.76 mm to investigate the effect of ball number on the surface roughness as seen in than that with smaller ones. This phenomenon may be attributed to the higher impact energy in such treatment with larger balls. The larger are the milling balls, the higher is the impact energy, which subsequently accelerates the impacting process for the entire surface. Moreover, the milling balls of larger diameter deliver a greater impact force, and create not only a deeper valley but also a larger contact area. The larger contact area compensates for reducing the time needed to impact the entire surface.

Consequently, the SMAT process has possibly entered the roughness decreasing or the steady-state stage by using 6.35 mm and 4.76 mm milling balls. This conclusion is in a good agreement with the finding of Bianchetti et al. [START_REF] Bianchetti | Probabilistic analysis of the effect of shot peening on the high and low cycle fatigue behaviors of AA 7050-T7451[END_REF], who claimed that bigger balls create smoother surfaces, compared to smaller balls. In conclusion, the impacts of milling balls during SMAT create craters, which consequently changes the surface roughness of material. SMAT processing parameters, Chapter 1: Literature review i.e. duration of treatment, diameter and number of milling balls, have influences on the roughness of treated materials. Rough surface introduced by SMAT is undesirable since it leads to a short fatigue life, and it should be avoided through finding the optimal parameters of SMAT.

Aluminium alloy 7075

Aluminium alloys of the 7xxx series like AA7075 have their main application in the aerospace industry, where there is a strong demand for alloys with high strength and toughness [START_REF] Davis | ASM Specialty Handbook: Heat-Resistant Materials[END_REF]. Second phase particles like intermetallic and strengthening particles play the role in determining the mechanical properties of AA7075 [START_REF] Lequeu | Aluminum-copper-lithium alloy 2050 developed for medium to thick plate[END_REF]. Moreover, heat treatments might significantly change the microstructure of 7xxx precipitation hardening aluminium alloys and consequently change their mechanical behaviour [START_REF] Andreatta | Local Electrochemical Behaviour of 7Xxx Aluminium Alloys[END_REF].

Microstructure of AA7075

In general, the microstructure of AA7075 contains three types of second phase particles [START_REF] Dixit | Structure-property correlations in Al 7050 and Al 7055 high-strength aluminum alloys[END_REF], namely, intermetallics (Fe or Si impurities or excessive amounts of major elements), dispersoids (intermetallic particles formed from elements such as Zr, Cr, and Mn), and strengthening precipitates (MgZn2) [START_REF] Panigrahi | Effect of annealing on thermal stability, precipitate evolution, and mechanical properties of cryorolled Al 7075 alloy[END_REF]. The as-mentioned types of second phase particles in 7xxx aluminium alloys are listed in 

Intermetallics

Intermetallics in 7xxx alloys result from the interaction between alloying elements and impurities during ingot casting [106][107]. Impurities like Fe and Si tend to segregate to cell or dendrite arm boundaries during solidification due to their low solubility in aluminium. At these sites, the impurities take part in reactions with the alloying elements and additives to form intermetallics. The intermetallics in 7xxx alloys are usually coarse and irregularly shaped, with a size between 1 and 20 µm. They are usually not uniformly distributed in the microstructure of the alloys. After their formation at cells and dendrite arm boundaries, some intermetallics are fractured and aligned along the processing direction (rolling or extrusion direction) during hot and cold working of the alloys. Moreover, it is also possible that the intermetallics form clusters of particles [START_REF] Hamerton | Development of the coarse intermetallic particle population in wrought aluminium alloys during ingot casting and thermo-mechanical processing[END_REF]. A high density of intermetallics is usually associated with a relatively high Fe and Si content in the alloy [START_REF] Mukhopadhyay | Influence of Fe-bearing particles and nature of electrolyte on the hard anodizing behaviour of AA 7075 extrusion products[END_REF].

In AA7075, the following types of intermetallics can be observed [109][110][111]:

•Al7Cu2Fe

• Al3Fe

• (Al,Cu)6(Fe,Cu)

Chapter 1: Literature review

• Mg2Si

Al7Cu2Fe and (Al,Cu)6(Fe,Cu) are the most abundant intermetallics. In some alloys such as AA7050, AA7010 and AA7055, only the Al7Cu2Fe intermetallics are present in large quantities [112][113]. 

Dispersoids

Dispersoids are formed during ingot homogenization of 7xxx aluminium alloys due to the reaction of Cr, Zr and Mn (additives) with the alloying elements [START_REF] Starke | Application of modern aluminum alloys to aircraft[END_REF]. The dispersoids control the grain size and the degree of recrystallization of the alloy. The size of the dispersoids is between 10 nm and 2 µm. The dispersoids are not distributed uniformly in the microstructure because they precipitate directly from the as cast microstructure with a heterogeneous distribution of the elements which form dispersoids [START_REF] Robson | Dispersoid precipitation and process modelling in zirconium containing commercial aluminum alloys[END_REF].

In alloys containing Cr, like AA7075 and AA7475, the dispersoids are in Al18Mg3Cr2 [START_REF] Ayer | Microanalytical study of the heterogeneous phases in commercial Al-Zn-Mg-Cu alloys[END_REF]. In alloys containing Zr, like AA7050 and AA7055, the dispersoids have a composition of Al3Zr [115][116]. The composition of the dispersoids strongly influences the quench sensitivity of 7xxx aluminium alloys. It was reported that alloys containing Zr have lower quench sensitivity than alloys containing Cr [START_REF] Starke | Application of modern aluminum alloys to aircraft[END_REF]. However, in contrast with the behaviour of the intermetallics, the dispersoids slightly change their composition during heat treatment [START_REF] Ayer | Microanalytical study of the heterogeneous phases in commercial Al-Zn-Mg-Cu alloys[END_REF].

Strengthening particles

Strengthening particles precipitate during the aging of 7xxx aluminium alloys. Their size ranges between 1 nm and 100 nm [START_REF] Park | Microstructures of the commercial 7075 Al alloy in the T651 and T7 tempers[END_REF][118] [START_REF] Park | Precipitation at grain boundaries in the commercial alloy Al 7075[END_REF]. In 7xxx aluminium alloys, three different types of strengthening phases can be observed:

• GP (Guinier-Preston) zones

• Metastable precipitates

• Equilibrium precipitates

The GP zones are fine clusters of solute atoms, and they are completely coherent with the matrix (same crystal structure). The metastable precipitates are coherent or partially coherent with the matrix (one or more interface has the same crystal structure as the matrix). The equilibrium precipitates are larger than GP zones and metastable precipitates, and they are incoherent with the matrix. The strength of 7xxx aluminium alloys is determined by the precipitation of GP zones and metastable precipitates [117][121].

The precipitation sequence of these strengthening particles in 7xxx alloys is as follows [START_REF] Bigot | Tomographic atom probe study of age hardening precipitation in industrial AIZnMgCu (7050) alloy[END_REF][123] [START_REF] Huang | The mechanism of nucleation and precipitation in 7075-0.7 Li alloy[END_REF]:

αss → α1 + GP zones → α2 + metastable η′→ αeq + equilibrium η where:

• αss is the initial supersaturated solid solution

• αeq is the equilibrium solid solution

• α1 and α2 are solid solutions with solute contents between αss and αeq

• η′ are the metastable precipitates

• η are the equilibrium precipitates

The GP zones nucleate either homogenously in the matrix or heterogeneously at vacancies and dislocation clusters. The metastable precipitates form directly by transformation of GP zones or by heterogeneous nucleation. The equilibrium precipitates are formed by transformation of metastable precipitates or by heterogeneous nucleation at dislocations, grain boundaries or at interfaces between dispersoids and matrix.

Heat treatment of AA7075

1.

Solution heat treatment

In order to obtain high strength AA7075, heat treatment is a key process to improve mechanical properties after the forming process. T6 heat treatment is one of the major processes to enhance mechanical properties of the alloy through an optimization of both solution heat treatment and artificial aging. T6 heat treatment of AA7075 is well • Solution heat treating: A thermal treatment is applied to heat an alloy up to a suitable temperature and the alloy is held at that temperature long enough to allow constituents to enter into solid solution. Subsequently, the alloy is cooled rapidly enough to hold the constituents in solution.

• Aging: Precipitation from supersaturated solid solution results in a change in properties of the alloy. It usually occurs slowly at room temperature (natural aging)

or more rapidly at elevated temperatures (artificial aging). The existence of Mg2Si intermetallic may lead to a poor mechanical property, which will be illustrated later in Fig 1 -30. These results indicate that the higher solution heat temperature, 480 °C, at any treated time duration, and the lower solution heat temperature, 450 °C, at prolonged solution heat time duration (>4 h), are not appropriate to be performed on this alloy [START_REF] Mahathaninwong | T6 heat treatment of rheocasting 7075 Al alloy[END_REF]. Moreover, the heat condition of 450 °C for 4 h exhibits the highest hardness value. 

Aging treatment

Age-hardenable aluminium alloys can be hardened or strengthened by aging. Aging can be classified as natural aging and artificial aging. Most of the properties like hardness and electrical conductivity are influenced by aging, depending on time duration and temperature [START_REF] Singh | STUDY OF MECHANICAL PROPERTIES OF Al 7075 ALLOY AFTER HEAT TREATMENT[END_REF]. Natural aging is a hardening process performed at room temperature after quenching. Artificial aging is a process conducted at elevated temperatures [START_REF] Dursun | Recent developments in advanced aircraft aluminium alloys[END_REF]. Among these two aging treatments, artificial aging is more widely used method of improving the mechanical properties, and a variety of processing methods has been developed by different researchers [START_REF] Kongiang | Effect of the Two-Step Solution Heat Treatment on the Microstructure of Semisolid Cast 7075 Aluminum Alloy[END_REF]- [START_REF] Asgharzadeh | An investigation on the optimized precipitation hardening with Taguchi method and microstructure of 7075 aluminum alloy An investigation on the optimized precipitation hardening withTaguchi method and microstructure of 7075 aluminum alloy[END_REF].

In order to optimize the aging time duration of AA7075, the microstructures under different aging conditions were investigated by Leng et al. [START_REF] Leng | Improving the fatigue strength of 7075 alloy through aging[END_REF]. The bright-field TEM images of matrix precipitates and their morphological features for specimens aged According to these curves, the specimen aged at 120 °C for 24 h exhibits the highest tensile strength and yield strength which are 620 MPa and 588 MPa, respectively. However, the ductility of the specimen aged at 120 °C for 24 h is the lowest. In contrast, the specimen aged at 120 °C for 8 h exhibits the lowest tensile strength, yield strength and the highest uniform elongation, i.e. 565 MPa, 524 MPa and 9.6%, respectively. This phenomenon means that there is an inverse relationship between ductility and tensile strength. In such an inverse relationship, it is hard to determine the condition which can lead to the most excellent fatigue property. To find an optimal condition, the strengthening mechanism of aging treatment needs to be understood. The work of Leng et al. [START_REF] Leng | Improving the fatigue strength of 7075 alloy through aging[END_REF] showed that various aging time durations had little or no influence on grain size because of the relatively low aging temperature. Therefore, the change in strength and ductility can mainly be owing to the effect of precipitates [START_REF] Leng | Improving the fatigue strength of 7075 alloy through aging[END_REF]. Moreover, due to the different size and spacing, the precipitated phases in matrix are also different at different stages of aging. The precipitates can inhibit the motion of dislocations. There are important models about the interaction between the precipitates and dislocations, i.e. dislocation cutting mechanism and bypassing mechanism, depending on the size of precipitates and the coherency between the precipitates and the matrix, as shown in As a matter of fact, the size of precipitates and the spacing between them are the major factors in hindering dislocation motion during the fatigue test. The inhibition effect of precipitates on dislocation motion is beneficial for improving the tensile strength.

During fatigue test, the specimens with higher tensile strength require higher cyclic stress amplitude to promote dislocation movement. On the one hand, fatigue strength values depend on the yield strength. According to the inverse relationship between tensile strength and uniform elongation, a higher yield strength is commonly accompanied by a lower uniform elongation. It means that movable dislocations can glide a shorter distance in matrix, which results in a smaller strain region and then leads to a higher strain localization at inclusion [START_REF] Leng | Improving the fatigue strength of 7075 alloy through aging[END_REF]. Therefore, the fatigue resistance is decreased due to the insufficient elongation. In conclusion, the relationship between fatigue strength and tensile strength is complex, as fatigue strength simultaneously depends on both tensile strength and plastic zone size of the stress concentrated location (elongation) [START_REF] Emani | Double aging and thermomechanical heat treatment of AA7075 aluminum alloy extrusions[END_REF].

Conclusion

In this chapter, as kinds of mechanical surface treatment, conventional shot peening and SMAT were introduced firstly. Meanwhile, the parameters such as gradient microstructure, work hardening, residual stress generated by SMAT were briefly presented. Subsequently, damage mechanisms of both uniaxial and torsional fatigue were described. Afterwards, the factors related to the formation of fatigue data scatter were discussed. The roles of three main influencing factors including residual stress, work hardening, and surface roughness during fatigue test were discussed respectively in the following part. Three main types of particles (intermetallics, dispersoid and strengthening particles) of AA7075 were presented in the final section. In addition, the effects of heat treatment process including solution heat treatment and aging treatment were discussed in terms of mechanical behaviours. Simultaneously, the mechanism of aging strengthening was also described.

This chapter is dedicated to the literature review and will be applied subsequently for the interpretation of the experimental results in the following chapters

Chapter 2 Material states and characterization

This chapter presents a variety of characterization that has been used to investigate the microstructure of the studied AA7075, such as optical microscopy (OM), SEM, TEM. It is worth indicating that four material states are used in this work. They correspond respectively to as-machined (AM), as-machined plus SMAT processed (AM-SMAT), heat treated (HT), and heat treated plus SMAT processed (HT-SMAT).

For SMAT process, two conditions corresponding to two treatment intensities will be presented also in this chapter.

Firstly, the material and the fatigue specimen used in this study are presented.

Furthermore, heat treatments are carried out on a part of the specimens in order to alter the microstructure and consequently change the mechanical properties of the alloy. This aims to investigate the effectiveness of SMAT on different material states of the material in terms of fatigue properties. Two SMAT conditions are then chosen, and the resulting surface morphologies are investigated through microscopic observations and roughness measurements. The obtained microstructure including precipitates is also presented in this chapter. The technique of energy dispersive X-ray spectroscopy (EDS) is used to highlight the presence of inclusions which have been widely observed in AA7075 in the literature. Lastly, certain mechanical properties such as microhardness and tensile properties are investigated for specimens in different material states.

Material and its states 2.1.1 Material and fatigue specimen

As mentioned above, the material studied in this work is a commercial precipitation hardening AA7075 subjected to T6 heat treatment. T6-type heat treatment is one of the major conditions to enhance mechanical properties of the alloy through an optimization of both the solution heat treatment and the artificial aging [START_REF] Mahathaninwong | T6 heat treatment of rheocasting 7075 Al alloy[END_REF]. The material was 

Heat treatment

AA7075 is one of the most widely used materials for structural applications due to its attractive comprehensive properties such as low density, high strength and toughness.

However, due to the trade-off relationship of strength and elongation [START_REF] Pang | General relation between tensile strength and fatigue strength of metallic materials[END_REF], the elongation (that can represent the ductility) of AA7075 is often limited, which could lead to a poor effect when the material is processed by surface mechanical treatment 50 techniques such as SMAT.

As mentioned above, AA7075 is a precipitation hardening alloy, and the state obtained after T6 treatment corresponds rather to an optimum state in terms of mechanical strength. Further heat treatment is thus necessary to be conducted in this work in order to obtain enlarged precipitates with a reduced distribution density in the material, which could accordingly lead to an increase of the ductility. As a matter of fact, when a material is not ductile enough, no severe plastic deformation due to impacts of the balls can be generated in the near surface region of the material. Therefore, the effect of SMAT could be so small that no changing in fatigue properties of the material can be observed.

There are many different sequences of heat treatment which can improve the properties of aluminium alloys. T6-type heat treatment to which the material is subjected consists of the three following steps: solution heat treatment, quenching, and artificial aging. The temperature of solution heat treatment for AA7075 is recommended to be in the range of 465-490 °C [START_REF] Kongiang | Effect of the Two-Step Solution Heat Treatment on the Microstructure of Semisolid Cast 7075 Aluminum Alloy[END_REF]. The main purpose of the solution heat treatment is to dissolve the soluble phases including the precipitates. If the alloy is then rapidly cooled, e.g. by quenching in water, the rich solid solution will not be stable and excess elements or compounds will precipitate out of the solution when the temperature reaches a threshold level. Artificial aging which follows quenching can lead to evenly distributed fine precipitates. During aging process, the size and spacing of inclusions and dispersion phases are basically unchanged. However, the shape, the size and the distribution of precipitates are the major factors in hindering dislocation slipping, which accordingly leads to the improvement of desired mechanical properties.

Therefore, in this work, some fatigue specimens were subjected to heat treatment including solution heat treatment and subsequent aging. For this purpose, the temperature was increased up to 450 °C and kept constant for different conditions (by changing the temperature and the time duration) in order to choose a relatively optimum one. The idea was to apply a heat treatment to the fatigue specimen so that the effect of subsequent SMAT could be more significant than the material in its as-machined state. For this purpose, some heat treatment conditions were tried and tensile tests were performed to compare the mechanical properties of these different material states. This aspect will be presented later in a section dedicated to tensile tests. For the second coverage test, a specimen was tested with a generator power of 57%. However, due to this high generator power, after 140 seconds, the colour was totally removed and it seems that the surface was damaged by the repeated impacts, i.e. the surface was over-treated, as shown in To reveal the effects of different parameters induced/generated by SMAT on fatigue properties, two SMAT conditions (SMAT1000/SMAT150) were chosen in this part.

For this purpose, the same generator power (27%, as mentioned above) was used for both the two conditions, and only the SMAT time duration was changed. Two timedurations were chosen, i.e. 25 min. and 225 s, corresponding to a coverage of 1000% and 150% respectively. To facilitate the representation of these two conditions, they are respectively named as AM-SMAT1000 and AM-SMAT150. Due to the heat treatment performed in this work, the corresponding conditions are named as HT-SMAT1000 and HT-SMAT150. Detailed description of these two treatment conditions is given in Table 2-3. It should be noted that the two SMAT conditions (SMAT1000/SMAT150) are same for both two material states as given in Table 2-3. 

Roughness measurements

It is well known that surface roughness plays an important role in fatigue properties of materials. As a matter of fact, a rough surface (represented by high roughness values) tends to cause stress concentration at the surface of material, which results in the reduction in fatigue life of the material by facilitating the crack initiation.

Therefore, after the fatigue specimens were machined, mechanical polishing was performed on part of the specimens in order to eliminate the machining grooves, as shown in by machining left on the surface of a specimen. If this specimen is subjected to fatigue loading, the machining grooves will cause strong stress concentration and lead to reduced fatigue strength. Therefore, in order to eliminate or reduce the effect of the machining traces, mechanical polishing would be an effective approach to make the surface of specimens smooth. After the polishing performed with the previously mentioned procedure, the majority of the grooves were removed and the surface seems to be quite smooth, as shown in Moreover, to quantitatively assess the effects of different treatment conditions on the surface topography of the materials, the values of some roughness parameters were calculated for each specimen (Table 234). Ra refers to the average value of the roughness parameters, and Rt represents the total height of the roughness profile. There is no doubt that the lowest values can be found for the polished specimen since the mechanical polishing could effectively eliminate the majority of machining grooves, as already mentioned before. As for the two SMAT treatments, they decrease the values of Ra, compared to the AM specimen. The reason related to this phenomenon is that the grooves on the AM specimen are at least partially eliminated and replaced by the impact imprints. On the contrary, the values of Rt of the specimens processed by SMAT are increased with respect to the AM specimen. In summary, the above described results signify that the sharp angles generated by turning have been replaced by rounded imprints, and the undulating profiles obtained by SMAT have greater amplitudes than the AM specimen. Finally, between the two SMATed specimens (AM-SMAT1000 and AM-SMAT150), the surface roughness value is a little lower for AM-SMAT1000. and 2400 SiC grit papers successively. They were then successively polished using 6, 3, 1 µm diamond polishing paste until a mirror-like finish was obtained. Finally, the specimens were etched in Keller's reagent (190 ml H2O, 5 ml HNO3, 3 ml HCl, 2 ml HF) in order to reveal the microstructure including the grains. The polished specimens were firstly immerged in Keller's reagent for 20 seconds, and then they were washed using distilled water abundantly. Lastly, the specimens were dried by compressed air.

The main steps of the etching procedure are shown in Fig 2345678. that the material was strongly extruded during its elaboration process [START_REF] Trško | Fatigue life of AW 7075 aluminium alloy after severe shot peening treatment with different intensities[END_REF]. In this case, a strong texture could be present, and it would make the residual stress measurement difficult. Moreover, a great number of particles can be observed in both the transversal and the longitudinal sections. It seems that some particles are extruded in the longitudinal direction as shown in Therefore, the states of the precipitates before and after heat treatment were also characterized and the results will be presented later in this manuscript. 

EDS analyses

As highlighted above, there is the presence of many particles which can be divided into two groups of different nature, according to SEM observations shown in Fig 23456789.

To identify these particles, EDS was used to analyse their chemical composition. It should be noticed that in the case of fatigue, these particles can play a role of stress concentration and facilitate the crack initiation. This is due to the fact that these particles and the surrounding matrix exhibit differences in mechanical and physical properties, which induces strain and stress incompatibilities from continuum mechanics point of view [133][138]. Therefore, identifying the nature of these particles appears to be very important in this work.

According to the element distribution shown in inclusion and assumed to be Mg2Si. Both these two types of particle are commonly present in AA7075, and they are formed during the elaboration of the alloy [START_REF] Li | Crack initiation mechanisms in low cycle fatigue of aluminium alloy 7075 T6[END_REF]. For AA7075, other types of intermetallic and non-metallic particles/inclusions can also be introduced during their elaboration process, as indicated by Prillhofer et al. [START_REF] Prillhofer | Nonmetallic inclusions in the secondary aluminum industry for the production of aerospace alloys[END_REF]. It is well known that the presence of these particles could have harmful effect on the fatigue life of this alloy. In fact, during fatigue tests of 7xxx series aluminium alloys, the Al7Cu2Fe and Mg2Si particles can act as preferential sites of cracking due to their brittle nature by promoting the crack initiation from them [113][141]. According to the work of Tu et al. [START_REF] Tu | Fatigue Crack Initiation Mechanisms[END_REF], when the fatigue crack tends to initiate on particles, the fatigue life is dependent on the particle type, size and distribution. Therefore, in the case where particles are present, the obtained fatigue data are in general strongly scattered. This issue of fatigue data scatter will be addressed later in the chapters dedicated to the fatigue properties of the alloy. For the specimen in AM state (T6 state), some coarse intermetallic particles are homogeneously distributed throughout the grains, as observed in precipitates. It seems that the quantity of precipitates of  phase in the HT state is higher than that of the AM state. This means that some precipitates of  phase were generated during the over-heat treatment performed in this work.

It is well known that a reduction in number and an increase in size of the precipitates will contribute to a decrease of both hardness and tensile strength by facilitating the bypassing of the dislocations. These aspects of hardness and tensile strength of the material will be addressed in later sections. Chapter 2: Material states and characterization 65

Basic mechanical properties 2.3.1 Microhardness

Specimens treated by SMAT undergo severe plastic deformation at the surface.

There is the presence of strain hardening and grain refinement in the near surface region, which will result in a microhardness increase in this region. To prepare the specimens for microhardness measurements, the procedure is similar to that for microstructure observation. The central part of a fatigue specimen was first cut transversely, and then it was molded into conductive carbon resin. While molding the specimen, two pieces of the same alloy (bigger cylindrical parts, as shown in were placed in contact with the specimen. These two pieces are aimed at more and less protecting the very outer surface region of the studied specimen (typically the top surface nanostructured layer) from being rounded while polishing the specimen mechanically in order to reduce the edge effect for microhardness measurements. Finally, the molded specimen was polished by following the same procedure as the one presented in Section 2.2.1.1.

As for the microhardness measurements, a number of distances below the treated surface were chosen for indentations, and they are 100, 200, 300, 400, 500, 600, 800, 1000, 1200, 1400, 1600, 1800, 2000 µm respectively. The measurements at different distances allow to highlight the microhardness variation and therefore the gradient properties generated by SMAT as a function of depth. To minimize the measurement error, for each distance, at least five indentations were carried out, as shown in Fig 2 -15. The Vickers-hardness indentations were performed using an applied load of 25 g. As for the heat-treated specimens (HT and HT-SMAT1000), the results are similar to those presented above, but with the microhardness values significantly lower than those of AM and AM-SMAT1000. In the centre of the heat-treated specimens (see the green and yellow curves), the microhardness is around 147 HV0.025. Due to the effect of SMAT, the microhardness of HT-SMAT1000 is increased to 157 HV0.025 at the surface (see the green curve). It should be noticed that the hardness decrease rate from the top surface to the bulk of the sample for the green curve (HT-SMAT1000) is slightly lower than that of the blue curve (AM-SMAT1000). This seems to imply that the gradient feature obtained by HT-SMAT1000 is less pronounced than that obtained by AM-SMAT1000. 

Tensile tests

As mentioned in Section 2. strain rate, or pre-deformation, special plastic instability can occur in some alloyed materials. The PLC effect is attributed to dynamic interactions between mobile solute atoms and dislocations, known as dynamic strain aging (DSA). The DSA phenomenon was first explained by Cottrell [START_REF] Cottrell | LXXXVI. A note on the Portevin-Le Chatelier effect[END_REF] based on the concept of dislocations moving with a steady velocity and dragging solute atom spheres with them. It was later realized, however, that solute atoms have insufficient mobility to follow the dislocations as they move [START_REF] Halim | The Portevin-Le Chatelier (PLC) effect and shear band formation in an AA5754 alloy[END_REF]. Therefore, McCormick et al. [START_REF] Mccormigk | A model for the Portevin-Le Chatelier effect in substitutional alloys[END_REF] proposed that aging should take place, while dislocations are arrested at localized obstacles.

In regard to the aging treatment, the specimens subjected to the solution treatment and a subsequent aging have higher tensile strength compared to the solution treated specimens (see . Among the four sets of aging treatment at 120℃ (with different time durations), the aging of 48 h leads to the highest tensile strength. Besides, it can be seen that the aging treatment during 24 h is another condition showing a tensile strength higher than that of AM specimen. With the decrease of aging duration, the reduction in tensile strength can be found in both cases of 8 h and 12 h.

Another important parameter which characterizes the tensile properties is the elongation to failure. This parameter represents the ductility of materials. Unfortunately, in the case of this work, regardless of a good tensile strength for specimens subjected to aging, the elongation did not increase markedly among these conditions. As a matter of fact, tensile strength and elongation to rupture are two 'contradictory' parameters. It means that if one is increased, at the same time the other is generally decreased.

Therefore, aging at higher temperature (185 °C, chosen based on the literature) was adopted in order to increase the elongation. In fact, from the viewpoint of microstructure, an aging at a higher temperature can increase the size and reduce the number of precipitates so that the dislocations can easily bypass them. An aging of 12 h at a temperature of 185 °C seems to generate a much higher ductility, as shown in Fig MPa, which is a little higher than that of the AM specimen, although the yield stress is almost comparable to each other. Therefore, in this case, the enhancement of UTS seems to be very small.

For the specimens which were heat treated, the effect of SMAT is much more obvious compared to the specimens without heat treatment. The yield stress and the UTS of the HT specimens are 441 MPa and 534 MPa respectively, whereas they are increased to 455 MPa and 555 MPa respectively for the HT-SMAT1000 specimens.

Accordingly, the enhancement of UTS due to SMAT is about 3.8%. Moreover, the ductility of the HT specimens (represented by the plastic part of the curve) is higher than that of the AM specimens. Besides, this ductility is not much reduced after SMAT, if we compare the curve for the HT-SMAT1000 specimen (green curve) to that for the HT specimen (yellow curve).
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The high strength of the specimens treated by SMAT could be attributed to different parameters generated by impacts between the balls and the surface of the treated part, mainly including work hardening (linked to dislocation activities) and grain refinement.

As for residual stresses, even though they can modify the local load level applied to the material, they do not change greatly the macroscopic behaviour of the material. This is due to the fact that the compressive residual stresses and the tensile ones compensate each other at the scale of a structure. However, it is well known that residual stresses play an important role in fatigue properties, and this will be discussed later in this manuscript while interpreting the results of fatigue tests. Based on the measurements of microhardness and tensile properties, the results of the two SMAT conditions are comparable with each other. However, there is no doubt that the longer duration of SMAT1000 generates a deeper surface region and higher compressive residual stresses which will lead to a higher fatigue strength. Furthermore, due to the fact that the treated surface of AM-SMAT1000 specimens is totally covered by the impacts and no machining grooves can be observed as seen in 

Conclusion

In this chapter, the material investigated and the characterization techniques carried out in this work were presented. The microstructure of the AA7075 at different states was observed by using different techniques including metallography, SEM, TEM.

Heat treatments were performed to modify the properties of the studied material, especially with the purpose of improving its ductility. In addition, two SMAT conditions were chosen to treat the material in order to further study its fatigue properties. Finally, basic mechanical properties including microhardness and tensile Chapter 2: Material states and characterization
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properties of the material at different states were investigated and compared with each other. The following concluding elements can be retained:

1. A number of particles is present in the material: they correspond to Al7Cu2Fe and Mg2Si respectively, according to the EDS analyses. These particles could play an important role in the investigation of fatigue properties of the material, presented later in this manuscript.

2. Two SMAT conditions, AM-SMAT1000 and AM-SMAT150, which use a power of 27% with time durations corresponding to a coverage of 1000% and 150%

respectively were chosen to treat the fatigue specimens. Specimens subjected to both SMAT conditions exhibit higher surface roughness than the AM ones. Among the two SMAT conditions, the roughness value of AM-SMAT1000 is slightly lower than that of AM-SMAT150.

3. According to the results of the microhardness measurements, the thickness of the affected region obtained by the two SMAT conditions is very similar (around 700-800 μm), and the maximum hardness values are also comparable. Moreover, the stress-stain curves of the specimens processed with the two SMAT conditions are also similar to each other. Thus, SMAT1000 was finally chosen in this work for the further fatigue tests.

4. A number of heat treatment conditions were applied to a part of the mechanical specimens. It was shown that the tensile strength enhancement induced by SMAT for the heat-treated specimens is higher than that for the non-heated ones, which means that the heat-treated specimens are more sensitive to SMAT. Based on the results of the tensile tests, a heat treatment condition was finally chosen. It corresponds to a solution heat treatment at 450 °C during 4 h, followed by an aging treatment at 185 °C for 12 h. This heat treatment condition leads to coarsened precipitates in the AA7075 according to the TEM observations. These coarsened precipitates result in a reduction in tensile strength, but an improvement in ductility according to the tensile tests. 

Experimental procedure

As mentioned above, the results of the fatigue tests will be presented and analysed in this chapter. For this purpose, the specimens were tested under fully reversed loading (load ratio R= ̵ 1). The geometry and the dimensions of the specimen have been 

Uniaxial fatigue properties

S-N data obtained for uniaxial fatigue tests

As mentioned in Chapter 2, several material states including AM and HT are considered in this work. The aim is to study the effect of SMAT on uniaxial fatigue properties of the material in these states. In this section, the S-N data obtained from the uniaxial fatigue tests will be presented and compared.

AM material state

The S-N data points obtained with AM specimens and AM-SMAT specimens are In addition, there is a large scatter for both two groups of points, especially under low stress amplitudes. For example, for the three AM-SMAT specimens tested at 270

MPa, the number of cycles to failure 𝑁 𝑓 varies from 2.55×10 5 cycles to 5.67×10 6 cycles, i.e. more than an order of magnitude. This phenomenon is also confirmed for AM specimens. For the non-broken points obtained at around 10 adverse effect on both fatigue crack initiation and propagation [START_REF] Leng | Improving the fatigue strength of 7075 alloy through aging[END_REF]. As regard to the scatter of the fatigue data points, it will be analysed later by using a statistical method.

To model the fatigue data trend and better visualize the effect of SMAT, the Basquin equation is used and its form is as follows:

' (2 )  = b a f f N (3-1)
where 𝜎 𝑓 ′ is the fatigue strength coefficient, and b is the fatigue strength exponent, also known as the Basquin exponent. Both 𝜎 𝑓 ′ and b can be fitted from the obtained data points. As indicated by Eq. 3-1, the abscissa should use the number of reversals to failure, i.e. twice the number of cycles to failure 𝑁 𝑓 . Note that points obtained by the specimens non-broken after 10 7 cycles are not included while fitting the S-N curve.

According to the two curves shown in Fig. 3-2, there is an intersection between them at about 290 MPa. It can be seen that when the applied stress amplitudes are higher than 290 MPa, 𝑁 𝑓 is higher for AM-SMAT. It means that in this range of stress amplitude, SMAT increases the fatigue resistance and it thus has a beneficial effect. On the contrary, for the stress amplitudes lower than 290 MPa, the effect seems to be opposite. In fact, AM-SMAT specimens exhibit lower fatigue lives with respect to AM specimens, which means that SMAT introduces negative effects to the AA7075 under low stress amplitudes. This observation is rather in accordance with the work on fatigue of copper [START_REF] Li | Improved fatigue properties of ultrafine-grained copper under cyclic torsion loading[END_REF] and other materials [152][153]. This result could imply that although the fatigue strength of AM-SMAT specimens under high stress amplitudes has been clearly improved, the increase in the range of low stress amplitudes is not significant.

More quantitative analysis based on the parameters involved in the Basquin equations will be given later in Section 3.2.2. for both HT and HT-SMAT specimens, which seems to be similar to the AM specimens.

A run-out has been obtained for the HT-SMAT specimens under the stress amplitude of 220 MPa, which signifies that the fatigue life is effectively prolonged due to the effect of SMAT.

The pronounced SMAT effect at lower stress amplitudes can be also approved by the Basquin lines fitted from the fatigue data, i.e. the improvement of fatigue lives progressively increases with the decrease of stress level. respectively due to the effect of SMAT. This means that for all the stress amplitudes studied in this work, there is an improvement of fatigue resistance due to SMAT, and the improvement is more pronounced in the range of low stress amplitude. 

Statistical analyses of uniaxial fatigue properties

It has been shown above that the obtained fatigue data are highly scattered. In this case, statistical analysis would be useful to have an idea about the data point distribution.

In general, the aim of the statistical analysis is to find an S-N curve at a probability level for which a certain percentage of specimens would fail. The probability of failure, P, is introduced and connected with the applied stress, S, and the number of cycles to failure, N. These three parameters can be expressed in a P-S-N diagram. A P-S-N diagram contains a group of S-N curves, each curve corresponding to a particular value of the probability of failure, P. To establish such a P-S-N diagram, P-N relations at different stress levels should be experimentally determined. By having P-N relations, it will be possible to find, for every probability of failure, its related "number of cycles to failure" at different stress levels. Then for each particular probability of failure, the prescribed lives, N, at different stress levels should be connected to establish an S-N curve. By repeating this process for different probabilities of failure, a family of S-N curves can be obtained.
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Distribution identification for uniaxial fatigue data

The statistical software Minitab was used to evaluate the relationship between probabilities of failure and fatigue lives for a given axial stress amplitude level. The software automatically established three probabilistic positions based on the number of data points for each stress amplitude level.

First of all, the distribution of uniaxial fatigue data needs to be determined. Note that a larger number of data points can lead to a higher precision of data point distribution. Three or four stress levels throughout the studied stress range are chosen to establish the P-S-N curve. Minitab reported an Anderson-Darling (AD) value for each of the four distributions corresponding to the chosen stress level. The AD is defined as a way to measure how well the data follow the selected distribution type.

The smaller is the AD, the better the data fits the selected distribution [START_REF] Poeppelman | Axial and Torsion Fatigue of High Hardness Steels[END_REF].

The In the same way as described above, the values for other stress levels have also been identified, and they are listed in It can be seen that Weibull distribution fits all the stress due to the smallest AD value of Weibull distribution. Therefore, the Weibull distribution was adopted to obtain the P-S-N curves of HT specimens. For HT-SMAT specimens, three stress levels of 300, 260 and 220 MPa were chosen for the identification of the distribution parameters, and the results are given in Table 3-4. Similar to the case of HT, the AD values of Weibull distribution are the smallest compared with the other three distribution under each stress level. Thus, the Weibull distribution was used to build the P-S-N curves of HT-SMAT specimens. 

P-S-N curves of uniaxial fatigue data

AM material state

Finally, once the fatigue life distribution is known, it will be possible to establish a P-S-N diagram. Minitab was also used to determine the 10%, 50%, and 90%, probabilities of failure at each stress amplitude level for the uniaxial fatigue test results.

A 90% confidence level was used. Run out specimens were treated as arbitrarily censored data in the analysis performed by Minitab.

In order to evaluate if the fitted probabilistic curves have good agreement with the distribution of data points, the P-S-N curves of AM and AM-SMAT together with the experimental data are displayed in view, it can be seen that these two figures are quite different. For the case of AM, both 10% and 90% curves are rather parallel to the central curve which corresponds to a failure probability of 50%. For the case of AM-SMAT, however, the two curves corresponding respectively to 10% and 90% are parallel, but they are not parallel to the 50% curve. This phenomenon means that failure probabilities are strongly dependent on the stress level, due to the effect of SMAT. This implies that for the AM-SMAT specimens, the damage mechanisms could be different for different imposed stress levels.

In addition, it seems that the probabilistic curves only fit a part of experimental data Chapter 3: Effect of SMAT on uniaxial fatigue properties 85 for both AM and AM-SMAT specimens. Thus, the obtained P-S-N curves will be investigated through analysing the values of the parameters involved in the Weibull distribution equation. It can be seen from the overall view that the shape parameter b increases with the increase of stress amplitude for both AM and AM-SMAT specimens. This observation about the scatter of fatigue lives is consistent with the opinion generally accepted in the literature, i.e. scatter is higher at low stress amplitudes and lower at high stress amplitudes [START_REF] Schijve | Statistical distribution functions and fatigue of structures[END_REF]. It is well known that fatigue life mainly covers two stages, i.e. crack initiation and crack propagation. The fatigue mechanism during crack initiation stage is a surface phenomenon, while crack propagation occurring in the second stage is a material bulk phenomenon related to the crack growth resistance of the material. The crack initiation is much more sensitive to various circumstances at the material surface, Chapter 3: Effect of SMAT on uniaxial fatigue properties 87 with local surface roughness as a predominating factor. At a high stress level, the crack initiation can occur relatively easily and the scatter is thus low. At a low stress level, however, the initiation of the first microcrack meets with more difficulties depending strongly on the local circumstances, which leads to a large scatter [START_REF] Schijve | Fatigue Predictions and Scatter[END_REF]. For the materials studied in this work, the large scatter of the fatigue lives might be also due to the heterogeneous distribution of microstructural defects such as intermetallic inclusions, as highlighted in Chapter 2. scattered fatigue data can be found in the case of severe shot peening [START_REF] Bagherifard | Fatigue behavior of a low-alloy steel with nanostructured surface obtained by severe shot peening[END_REF]. Surface treatments including anodizing, nitriding, shot peening, etc. can have influence on crack initiation and thus lead to lower fatigue life scatter [START_REF] Schijve | Fatigue Predictions and Scatter[END_REF]. As mentioned above, the surface roughness is particularly important. Therefore, the lower surface roughness of AM-SMAT induced by SMAT with respect to AM (as illustrated in Chapter 2) could be regarded as one factor related to the lower scatter of fatigue data.

Since a large part of the fatigue life is dominated by the microcrack on the specimen surface, it will be important to control crack nucleation and early microcrack growth 

HT material state

The failure probabilities accompanied by the experimental data are given in SMAT however, it seems that the curves of 50% and 90% are located on the right side of the majority of data points (see . This phenomenon is perhaps due to the particularly high dispersion of data points obtained at 200 MPa.

As for the P-S-N curves, for both two material states, there is a quite pronounced divergence of the curves with the decrease of the stress level, i.e. the lower is the stress amplitude, the higher is the scatter. This observation is consistent with what has been addressed above for AM samples regarding the effect of stress amplitude on the scatter of fatigue data. 

Failure surface analyses

In general, the fracture behaviour manifested at the cross-section of a failed specimen always correlates with the scenario displayed at the lateral surface, as As for the AM-SMAT specimens, there are significant differences in lateral fracture profile between high stress level and low stress level. The AM-SMAT specimens tested under high stress levels exhibit an appearance similar to that of the AM specimens, as shown in This phenomenon was also observed by Oguri et al. [START_REF] Oguri | Fatigue life enhancement of aluminum alloy for aircraft by Fine Particle Shot Peening (FPSP)[END_REF]. In their work, the fatigue lives were investigated for an aluminium alloy for aircraft construction treated using fine particle shot peening (FSP) and conventional shot peening (CSP). It was found that cracks initiated from the surface for as-polished and CSP specimens. However, the crack initiation sites of FSP specimens were located inside the specimens, most probably at defects or inclusions in the material. In this case, the large compressive residual stress at the very near surface region was considered as the factor to prevent the surface crack initiation, which gave rise to interior crack initiation at weak points like defects and inclusions. This was most likely the main reason of superior fatigue life for FSP specimens. Besides FSP, other surface treatment techniques including USSP [START_REF] Kumar | Enhancement in fatigue life of Ti-13Nb-13Zr alloy through ultrasonic shot peening[END_REF][161], surface mechanical rolling treatment (SMRT) [START_REF] Huang | Fatigue behaviors of AISI 316L stainless steel with a gradient nanostructured surface layer[END_REF], surface mechanical grinding treatment (SMGT) [START_REF] Yang | Enhanced fatigue resistance of Cu with a gradient nanograined surface layer[END_REF] were used to treat Al, Ti, stainless steel, and Cu samples respectively. It was also found that these treatment techniques led to the transition of crack initiation sites from surface to subsurface. The authors of these work claimed that the transition of the crack initiation site should be one of the reasons for the superior fatigue lives of the treated materials. This aspect will be addressed in Section 3.4.4. This phenomenon indicates that SMAT could enhance the resistance to crack initiation.

It could thus learn from this group of images that the effect of SMAT leads to the transition of crack initiation site from surface to subsurface. Lastly, it should be emphasized that the phenomenon observed here could play an important role in the reduction of fatigue data scatter, since the transition of initiation site to subsurface will avoid the influence of specimen surface [START_REF] Schijve | Fatigue Predictions and Scatter[END_REF]. 

Cracking mechanism of uniaxial fatigue

The process of fatigue failure may be divided into different stages. For ductile materials, one of the most popular descriptions is the crack propagation model with three stages presented by Forsyth et al. [START_REF] Forsyth | Fatigue damage and crack growth in aluminium alloys[END_REF]. In Stage I, few cracks nucleate at slip bands on the surface, approximately on the maximum shear stress planes, and start to propagate along the slip bands until they encounter grain boundaries. Therefore, Stage I includes Mode II and Mode III crack growth [START_REF] Tanaka | Fatigue Strength of 7075-T6 Aluminium Alloy Under Combined Axial Loading and Torsion[END_REF], and shear stress is recognized as the driving force for fatigue crack initiation [START_REF] Wang | Torsion fatigue behavior of pure titanium with a gradient nanostructured surface layer[END_REF]. These crystallographic cracks grow in the order of a few micrometres or less per cycle and can penetrate a few tenths of a millimetre in this mode. From there on, the fatigue cracks may then turn and propagate on the maximum principal stress planes. This is called Stage II propagation, which is characterized by the appearance of fatigue striations typically [START_REF] Tanaka | Fatigue Strength of 7075-T6 Aluminium Alloy Under Combined Axial Loading and Torsion[END_REF]. However, it should be noticed that the fracture process of each condition studied in this work is very similar to each other except for AM-SMAT under low stress levels.

In the case of AM-SMAT specimen under low stress level as seen in According to Wang et al. [17][159], the function of gradient microstructure could suppress the surface crack initiation, and as a result, the crack initiates in the subsurface [START_REF] Kumar | Enhancement in fatigue life of Ti-13Nb-13Zr alloy through ultrasonic shot peening[END_REF]. Furthermore, it is known that the grain refinement can increase the surface hardness, according to the Hall-Petch relation [167][168]. In our work, the presence of gradient microstructure has been highlighted by microhardness measurements as shown in Chapter 2. Therefore, the cracks are expected to initiate more easily in the subsurface layer of specimens treated by SMAT (AM-SMAT/HT-SMAT), where the strength is not as high as at the surface.

Effects of SMAT for uniaxial fatigue properties

Besides the surface hardening introduced by SMAT, the introduction of compressive residual stresses in the surface region can overwhelm the negative effects of surface morphology and microstructure caused by shot impacts. It is well known that compressive residual stresses are induced in the near surface region by SMAT, and tensile residual stresses are simultaneously present in the interior region to equilibrate the whole structure [START_REF] Garié Py | Experimental and numerical investigation of material heterogeneity in shot peened aluminium alloy AA2024-T351[END_REF]. Furthermore, the compressive residual stresses prevent the surface defects from generating large propagating cracks, which leads to interior crack initiation at weak points like defects and inclusions [18][80]. Consequently, the formation of interior crack initiation due to the shallow compressive residual stress layer near the specimen surface is regarded as the cause of superior fatigue property [81][82].

Thus, it could be concluded that the formation of interior crack initiation is due to the effects of both the surface hardening and the compressive residual stresses. Since these two factors contribute to the enhancement of fatigue property, the phenomenon of interior crack initiation can be regarded as one representation of the beneficial effects of SMAT.

Detrimental effects of SMAT

It is widely accepted that fatigue life and the corresponding damage process of samples treated by mechanical surface treatment techniques depend on surface state, residual stress, and work hardening [START_REF] Gao | Effect of surface mechanical attrition treatment on high cycle and very high cycle fatigue of a 7075-T6 aluminium alloy[END_REF]. Rough surface introduced by SMAT decreases fatigue life because it tends to induce the initiation of a crack [START_REF] Singh | Effect of Ultrasonic Shot Peening on Surface Microstructure and Fatigue Behavior of Structural Alloys[END_REF]. Rough surface is a negative factor, as it generally causes local stress concentration that promotes crack nucleation from the surface and thus degrades the fatigue performance of materials [START_REF] Jiang | Fatigue performance of a cast aluminium alloy Al-7Si-Mg with surface defects[END_REF][169] [START_REF] Závodská | Fatigue Resistance of Low Alloy Steel after Shot Peening[END_REF].

Indeed, according to Pierre et al. [START_REF] Maurel | How does surface integrity of nanostructured surfaces induced by severe plastic deformation influence fatigue behaviors of Al alloys with enhanced precipitation?[END_REF], the high notch sensitivity of AA7075 makes it unsuited for SMAT applications to improve high cycle fatigue resistance, compared to other aluminium alloys such as AA2024. Moreover, according to Ref. [START_REF] Akiniwa | Effect of residual stresses on fatigue strength of severely surface deformed steels by shot peening[END_REF], the fatigue strength of harder materials is very sensitive to defects. It is well known that a rough surface can provide defects which are detrimental to fatigue strength [START_REF] Bagherifard | Fatigue behavior of a low-alloy steel with nanostructured surface obtained by severe shot peening[END_REF]. Note that the hardness value of AM-SMAT is the highest among all the states (see in Chapter 2). AM-SMAT specimens thus show lower fatigue strength than AM under low stress levels. This could be due to the fact that the fatigue strength of AM-SMAT is more sensitive to roughness than other states. Furthermore, it is known that fatigue life is dominated by crack initiation under low stress level [START_REF] Rai | Effect of Ultrasonic Shot Peening on Microstructure and Mechanical Properties of High-Nitrogen Austenitic Stainless Steel[END_REF], and surface roughness has a greater effect on fatigue initiation [START_REF] Aboulkhair | Improving the fatigue behaviour of a selectively laser melted aluminium alloy: Influence of heat treatment and surface quality[END_REF]. A similar phenomenon was obtained by Rai et al. [START_REF] Rai | Effect of Ultrasonic Shot Peening on Microstructure and Mechanical Properties of High-Nitrogen Austenitic Stainless Steel[END_REF], who found the degraded fatigue life of stainless steel treated by USSP under low strain amplitudes. In their work, the authors claimed that the surface cracks induced by USSP increased the average surface roughness and resulted in reduced fatigue life. Moreover, the length and the width of some of the pre-existing cracks were found to be larger in the USSPed samples than those in the un-treated ones. It was revealed that one detrimental role played by the pre-existing surface cracks generated during peening is to accelerate the process of crack propagation. Similarly, the formation of cracks due to SMAT is also found in our work as shown in It is widely recognized that grain refinement has influences on both crack initiation and propagation [START_REF] Li | Improved fatigue properties of ultrafine-grained copper under cyclic torsion loading[END_REF]. On the one hand, grain refinement could increase the resistance to fatigue crack initiation owing to the strength enhancement. The resistance to crack growth, on the other hand, is known to decrease with a decrease in grain size, since less tortuous crack path is induced during fatigue crack growth [START_REF] Chung | Improvement of high-cycle fatigue life in a 6061 Al alloy produced byequal channel angular pressing[END_REF]. ultrafine-grained (UFG) materials exhibit a higher fatigue strength than coarse-grained (CG) materials in the HCF range, since the grain refinement of UFG materials leads to the enhancement of the resistance to crack initiation and contributes significantly to the increase in 𝜎 𝑓 ′ . However, the accelerated crack propagation rate of UFG materials can also contribute to the decrease of b simultaneously. Therefore, in our work, the grain refinement due to SMAT could enhance the resistance to crack initiation, but it may increase the crack propagation simultaneously [START_REF] Chung | Improvement of high-cycle fatigue life in a 6061 Al alloy produced by equal channel angular pressing[END_REF].

As a matter of fact, it is known that the high cycle fatigue life is dominated by crack nucleation. After a long stage of fatigue crack initiation, the growth process will be quickly finished. Therefore, with the decrease in grain size, the reduction in b related to the crack propagation stage should be much weaker and could be negligible [START_REF] Li | Improved fatigue properties of ultrafine-grained copper under cyclic torsion loading[END_REF].

Besides the reduction of crack propagation resistance, the transition of failure mode from slip bands to shear bands due to grain refinement is regarded as another detrimental effect of SMAT. It is also considered as a major reason related to the reduction of b [START_REF] Li | Improved fatigue properties of ultrafine-grained copper under cyclic torsion loading[END_REF]. The transition of failure mode is schematically illustrated by Li et al. [START_REF] Li | Improved fatigue properties of ultrafine-grained copper under cyclic torsion loading[END_REF]. In their work, the cracking sites in CG and UFG Cu specimens are shown in that the level of strain localization of UFG Cu is much higher compared with that of CG Cu. Therefore, the relatively high strain localization of UFG Cu will make the fatigue crack initiation occur easily, which results in poor fatigue performance. Indeed, it is believed that fatigue damage and fatigue life strongly depend on the formation of shear bands in fine grain materials. This means that to improve the fatigue properties of the fine grain materials, the sites such as shear bands where it is easy to initiate fatigue cracks should be prevented [166][174]. 

Conclusion

In this chapter, the uniaxial fatigue properties of the AA7075 in AM and HT states treated by SMAT were investigated by analysing S-N data and P-S-N curves respectively. In addition, the failed specimens were observed through optical microscopy and SEM in order to analyse the mechanisms related to the different SMAT effects under different stress levels. Some main conclusions can be drawn, and they are as follows:

1. AM-SMAT specimens show superior fatigue strength only in the range of high stress levels (for example 290 MPa). The detrimental effect of SMAT leads to the reduction in fatigue life under low stress levels. From the perspective of Basquin equation parameters, the detrimental effect of SMAT in low stress region causes the decrease of the fatigue strength exponent b. This conclusion is consistent with the P-S-N curves plotted through statistical analyses.

2. Both Region I and Region II can be observed on the fracture surfaces under all the stress levels for the AM specimens according to macro-failure analysis.

Region Ι becomes bigger as the stress level decreases for both AM and AM-SMAT specimens. However, for the case of AM-SMAT, Region Ι tends to occupy the whole fracture surface under low stress levels.

3. The micro-failure observations imply that the crack initiation sites of some AM-SMAT specimens transfer from surface to subsurface due to the surface hardening and compressive residual stress induced by SMAT. This phenomenon is presumably related to the beneficial effect of SMAT under high stress range. 

Experimental procedure

Torsional fatigue tests were carried out at room temperature using the same fatigue machine as mentioned in Chapter 3. The geometry and the dimensions of the specimen have been presented in Chapter 2 (Fig 2-1). Note that two flats were machined on each head of the specimen in order to avoid gliding while imposing torsional loading.

Torsional fatigue tests were performed under stress control by using a sinusoidal waveform with constant amplitude. The nominal shear stress is calculated as the maximum shear stress at the given specimen's surface. The expression is as follows [START_REF] Zhang | Effect of mean shear stress on torsion fatigue failure behavior of 2A12-T4 aluminum alloy[END_REF]:
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where T is the applied torque and d is the diameter of the central region of the specimen.

For these torsional fatigue tests, the loading frequency is f = 4 Hz. Fatigue failure is also defined as the complete fracture of the specimen. If no failure happened before 2 ×10 6 cycles, the fatigue tests would be stopped.

Torsional fatigue properties 4.2.1 S-N data obtained for torsional fatigue tests

As mentioned in Chapter 2, several material states including AM and HT are considered in this work. The aim of this chapter is to study the effect of SMAT on torsional fatigue properties of the material in these states. In this section, the S-N data obtained from the torsional fatigue tests will be presented and compared. First of all, the distribution function of torsional fatigue data should be determined.

As indicated in Chapter 3, only stress amplitude levels with a minimum of three data points were used to identify the distribution function. The results of identification for AM and AM-SMAT cases are shown in Table 4-1 and Table 4-2 respectively. In both states, it can be seen that the Weibull distribution best fits the fatigue data due to the smallest AD value of Weibull function found for the majority of stress levels. Therefore, Weibull distribution will be used to statistically analyse the fatigue data of AM and AM-SMAT specimens. and 160 MPa. It can be seen that Weibull distribution fits three stress amplitudes due to the smallest AD values. Therefore, the Weibull distribution is adopted to plot the P-S-N curves of HT specimens.

For the HT-SMAT specimens, three stress levels of 300, 260 and 220 MPa were chosen to identify the distribution parameters, and the results are given in Table 4-4.

Similar to the case of HT specimens, the AD values of Weibull distribution are the smallest compared with the other three distribution functions under each stress level.

Thus, the Weibull distribution is also used to estimate the P-S-N curves of HT-SMAT specimens.
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P-S-N curves of torsional fatigue data

AM material state

Once the fatigue life distribution is known, it will be possible to establish a P-S-N diagram. Minitab was also used to determine the 10%, 50%, and 90% probabilities of failure at each stress amplitude level for the results of torsional fatigue tests. A 90% confidence level was used, and run-out specimens were treated as arbitrarily censored data in the analysis performed by Minitab, as done in Chapter 3.

In order to evaluate if the fitted probabilistic curves have good agreement with the distribution of data points, the P-S-N curves of AM and AM-SMAT along with the experimental data are displayed in It can be seen that the fatigue data scatter of AM specimens seems to be more pronounced with the decrease of stress level (see . In contrast, the fatigue data scatter of AM-SMAT specimens is decreased as the stress level decreases. This is due to the fact that the three probabilistic curves of AM-SMAT specimens have a trend of convergence in the low stress region (see . It implies that SMAT tends to suppress the scatter of fatigue data for the AM state in the low stress range. In the shear stress amplitude range studied in this work from 160 to 220 MPa, all the probabilistic curves of HT-SMAT specimens are higher than those of HT specimens. However, the existence of an intersection at 110 MPa between the 90% curve of HT and the 10% curve of HT-SMAT implies that below this stress level, the SMAT may not improve the fatigue strength any more or even decrease it. This result is similar to that obtained under uniaxial fatigue, as presented in Chapter 3. 

Failure surface analyses

Like what has been done in Chapter 3, the observations of specimens failed under torsional fatigue were carried out in this work for both the circumferential surface and the cross-sectional surface. Therefore, it could be concluded that the number of longitudinal cracks is decreased with the decrease of stress amplitude for both AM and AM-SMAT states. In addition, it seems that SMAT could avoid/suppress the formation of longitudinal cracks to some extent.

The macro-fracture observations of AM and AM-SMAT specimens under both high It should be noted that the results presented here are similar to the ones obtained in the work of Li et al. [START_REF] Li | Fatigue cracking and fracture behaviors of coarse-grained copper under cyclic tension-compression and torsion loadings[END_REF]. They found that the fracture morphologies of coarse-grained copper during torsion fatigue exhibit similar feature to our work, i.e. 'factory-roof' exists for higher strain amplitudes and smooth fracture cross section can be observed for lower strain amplitude. However, the results presented in other work in the literature are different [177][178]. In these work, the fracture surfaces of steel and titanium are found to change from 'factory roof' pattern to flat feature as the shear stress amplitudes increase. This phenomenon may be due to the fact that the grain structure characteristic of the face-centre cubic (fcc) metals such as copper and aluminium is different from the one of hexagonal close-packed (hcp) metals such as titanium [START_REF] Tanaka | Fatigue Strength of 7075-T6 Aluminium Alloy Under Combined Axial Loading and Torsion[END_REF]. Severe abrasion of fracture surfaces results in a smooth featureless fracture topography, thus preventing the identification of crack initiation site that anyway is likely to occur at or close to the lateral surface [START_REF] Benedetti | Multiaxial fatigue resistance of shot peened high-strength aluminum alloys[END_REF]. Therefore, the observations of the lateral surfaces are necessary to be performed in order to identify the initiation site of the dominant crack. According to the literature [START_REF] Li | Fatigue cracking and fracture behaviors of coarse-grained copper under cyclic tension-compression and torsion loadings[END_REF][165], longitudinal cracks initiate earlier and grow much more easily than the circumferential cracks. Similarly, Shiozawa et al. [START_REF] Shiozawa | Observation of fatigue crack propagation behavior under torsional loading by using synchrotron radiation micro-CT imaging[END_REF] also observed that torsion cracks initiated and propagated along the direction parallel to the specimen axis in Ti-6Al-4V by using synchrotron radiation micro-CT imaging. The reason for this phenomenon is that a large strain can result in a change in the length of the specimen in the case of torsion test. If the two ends of the specimen are constrained, the additional longitudinal stresses with certain magnitude will be superimposed on the torsion shearing stresses [181]. Although these additional stresses are rather small compared to the shearing stresses, they may be important in influencing the cracking Chapter 4: Effect of SMAT on torsional fatigue properties 131 mechanism [START_REF] Li | Fatigue cracking and fracture behaviors of coarse-grained copper under cyclic tension-compression and torsion loadings[END_REF].

Micro-fracture analyses

Therefore, in our work the formation of longitudinal cracks and consequently the fracture process can be delayed by SMAT, which led accordingly to the increase in the fatigue life, as presented in previous section. The damage zone of HT under high stress level is much larger and obvious as seen in Remember that all the HT-SMAT specimens have higher fatigue lives than those of HT under the same stress level. Therefore, it could be concluded that the effect of SMAT leads to a smaller damage zone, and accordingly results in higher fatigue strength.

The length of longitudinal cracks of HT specimen under the low stress level is lower than those of HT specimen under the high stress level, according to the comparison between 

Cracking mechanism of torsional fatigue

The failure process is similar to uniaxial fatigue as presented in Section 3. axis for all the shear stress amplitudes investigated in this work. This observation is consistent with the results presented by Zhang et al. [START_REF] Zhang | Tension-torsion high-cycle fatigue failure analysis of 2A12-T4 aluminum alloy with different stress ratios[END_REF]. Furthermore, only ring-like features instead of fatigue striations can be observed on the cross-section surfaces under all the shear stress levels according to the macro-and micro-fracture observations. This seems to indicate that the shear stress dominates the fracture process for AM and AM-SMAT specimens under all the stress amplitudes. In addition, it implies that the cracks propagate only in Stage I and their direction do not change to Stage II even under high stress levels. The mechanism related to this phenomenon needs to be discussed. 

Effects of SMAT for torsional fatigue properties

Similar to the uniaxial fatigue tests presented in Section 3.4.4, SMAT improves the torsional fatigue resistance for the HT material state under all the stress levels and for the AM material state under high stress levels. Unfortunately, the effect of SMAT is not obvious under low stress levels for AM material state. The SMAT effect on torsional fatigue thus needs to be discussed.

In the case of AM material state, SMAT could effectively limit the initiation of longitudinal cracks on the lateral surface of specimen according to the macro- Moreover, Li et al. [START_REF] Li | Fatigue cracking and fracture behaviors of coarse-grained copper under cyclic tension-compression and torsion loadings[END_REF] reported that the stress gradient of solid cylinder specimens subjected to cyclic torsion loading has an influence on the crack propagation behaviour.

Therefore, in our work, the effect of stress gradient introduced by SMAT on the fatigue behaviour is regarded as the beneficial effect due to SMAT and needs to be understood. ( )
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where a is half of crack length, b is crack depth, and 0<b/a<1. Other involved parameters are defined as follows: that the stress gradient level in the SNC Ti is higher than that in the CG Ti due to the existence of compressive residual stress [START_REF] Wang | Torsion fatigue behavior of pure titanium with a gradient nanostructured surface layer[END_REF]. Chapter 4: Effect of SMAT on torsional fatigue properties 141

Moreover, besides the effect of compressive residual stress, grain refinement is another factor which can affect the stress gradient level according to Li et al. [START_REF] Li | Improved fatigue properties of ultrafine-grained copper under cyclic torsion loading[END_REF]. In their work, in order to facilitate the comparison, the cases with applied stress amplitudes near the fatigue limit were considered. They found that, for the UFG Cu, the shear stress and the radius are linearly dependent in the region where the applied stress amplitudes are below its yield strength, and no plastic deformation exists in the specimen. However, for CG Cu, the applied stress amplitudes are greater than its yield strength and the crosssection of specimen can be divided into elastic area and plastic area, as illustrated in Consequently, in our work the stress gradient level of the specimens treated by SMAT (AM-SMAT/HT-SMAT) should be higher than the untreated ones (AM/HT) due to the compressive residual stress and the grain refinement introduced by SMAT.

Hence, it is not difficult to conclude that, the increased stress gradient level of HT-SMAT will limit the crack initiation, and therefore prolong the fatigue lives of specimens under each stress amplitude. However, in the case of AM-SMAT, SMAT led to the decreased fatigue resistance under low stress levels as mentioned in Section 

Prediction of torsional fatigue life

In fatigue design process, torsional fatigue properties of materials are often predicted from axial data using failure criteria such as stress equivalent theories. This method is often used because axial tests are much more accessible than torsional ones.

For this purpose, the results obtained under uniaxial fatigue are used to predict the fatigue life for torsional fatigue by determining the equivalent shear stress using one of It can be seen that while none of these criteria results in very satisfactory prediction, the Mises criterion is closer to the experimental curve. The torsional fatigue strength at around 3×10 5 cycles predicted by using the Mises criterion is very close to the value obtained from the experimental curve through torsional fatigue tests. This means that the fatigue life predicted using Mises criterion could be reliable in this range of number of cycles to failure. However, for the range less than 2×10 5 cycles, the fatigue life is under-predicted, and this under-prediction is increased with the increase of stress level.

As for the other two criteria, choosing them would results in very poor predictions.

Using the maximum principal stress criterion would have a highly over-estimated fatigue life, while applying the Tresca criterion would give a strongly under-estimated prediction.

It should be noted that in the absence of experimental torsional fatigue data, one would choose the Mises criterion for this alloy, according to the results presented above.

The fact that one criterion is more suitable than others could be determined by the damage mechanisms of the material under both tension-compression and torsional loadings. 

Conclusion

In this chapter, the torsional fatigue properties of the AA7075 in the AM and HT states treated by SMAT were investigated through S-N data and P-S-N curves. In addition, the failed specimens were observed using optical microscopy and SEM in order to analyse the mechanisms related to the SMAT effects under different stress levels. Some main following conclusions can be drawn:

1. AM-SMAT specimens show superior fatigue strength only in the range of high stress levels. The detrimental effect of SMAT leads to the reduction in fatigue life under low stress levels. From the analysis of the Basquin equation parameters, the detrimental effect of SMAT in low stress region causes the decrease of the fatigue strength exponent b.

2. According to the failure observations of AM specimens, the number of longitudinal cracks on the lateral surface is decreased with the decrease of stress levels. For the AM-SMAT specimens however, no longitudinal crack can be observed, which implies that SMAT could inhibit the longitudinal cracks and result in the improvement of fatigue lives in high stress range.

3. HT-SMAT specimens have markedly higher fatigue lives under all the stress levels investigated in this work according to the analyses of the S-N data and the Basquin equation parameters. This observation is consistent with the P-S-N curves, i.e. the fatigue strength of HT-SMAT is higher than that of HT specimens for all the probabilistic curves. Therefore, the aim of this thesis is to study both uniaxial and torsional fatigue properties of the AA7075 in AM and HT states treated by SMAT.

A literature review including a brief introduction of SMAT and the generated parameters such as gradient microstructure, residual stress and work hardening was present firstly in Chapter 1. For high cycle fatigue, various aspects including basic concepts, damage mechanisms and fatigue data scatter were then addressed respectively.

Moreover, the influences of the three factors (residual stress, work hardening, rough surface) introduced by SMAT on fatigue resistance were discussed. Subsequently, the microstructures of precipitation-hardened aluminium alloys, especially AA7075 adopted in this work were analysed. Lastly, the heat treatment conditions usually applied to AA7075 were discussed especially in terms of mechanical properties.

In Chapter 2, the as-machined AA7075 treated by two different conditions of SMAT, i.e. AM-SMAT1000 and AM-SMAT150 was firstly introduced and the obtained mechanical properties of these two SMAT conditions including microhardness and tensile strength were compared to each other. Between these two SMAT conditions, the AM-SMAT1000 was finally chosen in this work due to the generated lower roughness value and higher residual stresses. A heat treatment condition was chosen in this work in order to obtain a high ductility of the material. The higher ductility of the heat-treated material is attributed to the coarsened precipitates according to the observation using TEM. The enhancement of mechanical properties for the heat-treated specimen processed by SMAT (HT-SMAT) was found higher than that for the non-heat treated specimens processed by SMAT (AM-SMAT). Therefore, it can be concluded that the heat treatment carried out in our work for the AA7075 can enhance the effects of SMAT in terms of mechanical properties. This conclusion can also be approved by the P-S-N curves obtained from statistical analyses. For the HT state however, SMAT enhances fatigue lives under all the stress levels according to the analyses of various results.

According to the failure observations for torsional specimens, many longitudinal cracks can be observed on the circumferential surfaces of AM specimens under high stress levels, whereas the number of cracks is decreased with the decrease of stress levels. These longitudinal cracks can be hardly seen under all the stress levels for the AM-SMAT specimens, which seems to indicate that SMAT tends to suppress the longitudinal cracks. The presence of high-level stress gradient induced by SMAT for solid specimens under torsional loading is regarded as the factor related to the suppression of longitudinal cracks. The higher is the level of stress gradient, the smaller are the number and the size of the longitudinal cracks. Therefore, the high stress gradient level due to SMAT is regarded as a beneficial effect of SMAT and accordingly improves the fatigue lives. However, similar to uniaxial fatigue, the acceleration of crack propagation and the transition of crack sites from slip bands to shear bands due to the grain refinement resulting from SMAT is regarded as a detrimental factor of SMAT in low stress range. Finally, the torsional fatigue data were predicted by three criteria, i.e. maximum principal stress, Von-Mises and Tresca, based on the obtained uniaxial fatigue data. The three curves corresponding to these criteria were calculated and compared to the experimentally torsional fatigue. Among these three criteria, the Von-Mises criterion shows a relatively satisfactory prediction of torsional fatigue strength from uniaxial test data.

Prospects

As aforementioned, both experimental and statistical studies were devoted to investigate the SMAT effects on uniaxial and torsional fatigue properties. Unfortunately, there are still many questions left due to the limited time, and they need to be resolved.

Grain refinement, residual stresses, and work hardening of SMATed materials are usually characterized based on EBSD observations and XRD analyses. In fact, the microstructural characteristics of SMATed materials are very complex. On the one hand, the nanostructured layer is generated due to severe plastic deformation, and it is thus associated with dislocation activities occurring in this region. On the other hand, the microscopic residual stresses and the complex dislocation structures co-exist in the SMAT affected region. Therefore, more precise characterization approaches such as Chapter 5: Conclusions and prospects
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TEM are recommended to precisely study these microstructural characteristics.

Moreover, the tensile strength of aluminium alloy under different conditions has been investigated in this work, whereas its torsional strength under different states also needs to be analysed. The method to measure hardness adopted in this work is microindentation. However, there is a big dispersion of the measured values of five microindentation measurements at each depth for the treated material. Therefore, the nanoindentation could provide complementary information above the hardness of the material and the associated dispersion.

The steel shot used in this work for all the SMATed specimens is a replaceable factor for the sake that steel shot may introduce some undesirable impurities. These impurities could be detrimental to the fatigue strength of materials, as reported in the literature.

Therefore, it will be necessary to use ceramic shot instead of steel shot to treat fatigue specimens in order to avoid these impacts, and to understand the difference in fatigue properties while using these different shots.

For both uniaxial and torsional fatigue properties of HT-SMAT specimens, although SMAT increases the fatigue lives under all the stress levels applied in this work, what will happen if the applied shear stress further decreases is not very clear. From perspective of P-S-N curves, perhaps the SMAT effects will be changed also from beneficial to detrimental when the applied shear stress further decreases to a certain level. This point should thus be checked by further experimental work.

Finally, the effects of SMAT for biaxial fatigue properties are also interesting and need to be investigated. For example, the effects of SMAT on cracking mechanism with respect to in-phase and out of phase loadings need to be comparatively studied. 

Ré sumé en franç ais

Maté riau et ses proprié té s de base

Pour révéler l'effet de SMAT sur les propriétés en fatigue de l'alliage, quatre é tats de matériau sont retenus, à savoir l'état usiné (AM), l'état AM-SMAT, l'état traité thermiquement (HT), et l'état HT-SMAT. La microstructure et les proprié té s mé caniques de base de ce maté riau ainsi que la morphologie de surface caracté risé es à l'aide de différentes techniques sont présentées dans cette partie. Des surfaces de micro-fracture typiques sous 270 MPa sont donné es sur la Fig. 15 dans le but de comprendre les effets né fastes de SMAT observé s pour la gamme de faibles amplitudes de contrainte. Ainsi, les micro-fissures s'initient et se propagent sur la surface circonfé rentielle le long des plans de cisaillement maximum, ce qui est connu sous le nom de stade I (amorç age de fissures). Au stade II, les fissures changent de direction pour se propager le long des plans de contraintes principales maximales (perpendiculaires à l'axe de chargement) sous l'effet de la contrainte principale. Il est bien connu que les contraintes ré siduelles de compression sont gé né ré es dans la ré gion proche de la surface par le SMAT. Ces contraintes peuvent limiter l'amorçage de fissures à partir des dé fauts de surface, ce qui conduit à l'initiation de fissures à l'intérieur de matériau au niveau de points faibles comme les défauts cristallographiques et les inclusions [18][80]. Par conséquent, l'amorçage de fissures dans la sous-surface (sous l'effet des contraintes ré siduelles de compression prè s de la surface de l'é chantillon) est considé ré comme un facteur pour une proprié té de fatigue supé rieure [81][82].

Cependant, la surface rugueuse est un facteur né gatif, car elle engendre une concentration de contraintes locales qui favorise l'amorç age des fissures à partir de la surface [START_REF] Jiang | Fatigue performance of a cast aluminium alloy Al-7Si-Mg with surface defects[END_REF][169] [START_REF] Závodská | Fatigue Resistance of Low Alloy Steel after Shot Peening[END_REF]. De plus, la ré sistance à la fatigue des maté riaux plus durs est trè s sensible aux dé fauts selon la litté rature [START_REF] Akiniwa | Effect of residual stresses on fatigue strength of severely surface deformed steels by shot peening[END_REF]. Note que la valeur de dureté de AM-SMAT est la plus é levé e parmi tous les é tats (voir la Fig. 7). Les é chantillons AM-SMAT dé montrent donc une ré sistance à la fatigue infé rieure à l'é tat AM sous faibles niveaux de contrainte. En outre, plusieurs micro-fissures peuvent ê tre observé es sur la surface laté rale comme le montre la Fig. 18, ce qui signifie qu'une de ces micro-fissures finirait par se transformer en fissure principale et conduire à la rupture finale. 

Effet du SMAT sur les proprié té s de fatigue en torsion

Dans cette partie, les effets de SMAT sur les proprié té s de fatigue de torsion de l'alliage AA7075 en états AM et HT sont d'abord étudiés et les résultats sont présentés sous forme de donné es S-N et de courbes P-S-N. Deuxiè mement, des observations de surfaces de rupture de diffé rents é chantillons sont effectué es afin de comprendre les mé canismes de fissuration. Enfin, les effets de SMAT sur les proprié té s de fatigue de torsion sont analysé s en se basant sur ces ré sultats.

Conditions expé rimentales

Les essais de fatigue de torsion ont é té ré alisé s en utilisant une forme d'onde sinusoï dale d'amplitude de contrainte constante. La contrainte de cisaillement nominale est calculée comme la contrainte de cisaillement maximale à la surface de l'éprouvette.

L'expression est comme suit [START_REF] Zhang | Effect of mean shear stress on torsion fatigue failure behavior of 2A12-T4 aluminum alloy[END_REF] : Les profils de fissures obtenus pour les é chantillons HT sous diffé rentes amplitudes de contrainte sont illustré s dans la Fig. 24. Pour une amplitude de contrainte é levé e (200 MPa par exemple), la surface de rupture pré sente de nombreuses crê tes et vallé es, appelé es "toit d'usine" [START_REF] Tschegg | Mode III and Mode I fatigue crack propagation behaviour under torsional loading[END_REF], comme l'illustrent les Fig. 24 Ecole Doctorale "Sciences pour l'Ingénieur"
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  The aim of this work is to investigate the uniaxial and torsion fatigue responses of an aluminium alloy 7075 (AA7075) in the as-machined (AM) and heat treated (HT) states processed by SMAT. Therefore, a systemic review of a series of critical concepts including conventional shot peening, SMAT, high cycle fatigue properties of materials, influencing factors for fatigue resistance, microstructure and heat treatment of AA7075 is presented in Chapter 1. Current situation and background in relevant research fields have been investigated and illustrated in this chapter. In Chapter 2, the chemical composition of the studied AA7075 and the fatigue specimen geometry are given firstly. Different heat treatment conditions including time and temperature are then discussed and compared with each other. Afterwards, the specific SMAT set-up and the treatment procedure are introduced. Finally, the obtained surface roughness, microstructure and some basic mechanical properties for different states (AM/AM-SMAT, HT/HT-SMAT) are measured/observed respectively in this chapter. The effects of SMAT for uniaxial fatigue properties of the AA7075 in AM and HT states are investigated and compared with each other in Chapter 3. After the fatigue testing set-up and the experimental conditions are briefly introduced, tensioncompression fatigue tests are carried out. The results of the uniaxial fatigue tests are then analysed through S-N data and Basquin equation parameters. Moreover, P-S-N curves are built in order to further understand the results of the uniaxial fatigue tests through statistical analyses. Subsequently, the failure surface observations are performed in order to understand the cracking mechanism of specimens in each state under uniaxial loading. Lastly, both beneficial and detrimental effects of SMAT on uniaxial fatigue properties are discussed. General introduction 3 The effects of SMAT for torsional fatigue properties of the alloy in AM and HT states are investigated and compared with each other in Chapter 4. Fatigue test conditions are introduced and torsional fatigue tests are carried out firstly. Similar to Chapter 3, the torsional fatigue results are then analysed via S-N data and Basquin equation parameters. In addition, the P-S-N curves obtained through statistical analyses can help further understand the results of torsional fatigue tests. Afterwards, the failure surface observations are performed in order to identify the cracking mechanism of the material in each state under torsional loading. In addition, based on the failure observations, both beneficial and detrimental effects of SMAT for torsional fatigue are analysed. Finally, three failure criteria are adopted to predict the torsional fatigue performance based on the obtained uniaxial fatigue data presented in Chapter 3, and the three fatigue curves calculated from these criteria are compared to the experimental data obtained from torsional fatigue tests.In Chapter 5, a summarization of the whole work is given, and an outlook on future researches is addressed.
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 11112 Fig 1-1. The schematic of conventional shot peening [25].
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 12 Fig 1-2. (a) Schematic description of the SMAT setup; (b) plastic deformation imparted to the surface layer by the impact of a ball [32].

Fig 1 - 3

 13 shows a schematic description of different obtained layers on a cross-section of a SMATed sample. The associated in-depth distributions of strain and strain rate are also qualitatively indicated in the figure. Strain and strain-rate are highest at the top surface and decrease gradually towards the interior. Owing to the gradient variation of strain and strain rate from the treated surface to the deep bulk (where they are essentially zero as schematically shown in Fig1-3), a gradient grain size distribution from a few nanometres (in the top surface layer) to several micrometres is generated in the SMATed sample[START_REF] Lu | Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment[END_REF].Plastic deformation induced grain refinement has been known for many years. By examining the microstructure evolution in plastically deformed metals, possible grain refinement mechanisms involving dislocation activities and subsequent formation of sub-grain boundaries and grain boundaries were proposed. The refinement of coarse grains upon plastic deformation, depends on many factors including crystal structure and stacking fault energy (SFE) of the material, intensities of strain and strain rate,
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 13 Fig 1-3. Schematic description of microstructural characteristics and in-depth distributions of strain and
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 14 Fig 1-4. Typical residual stress profile produced by ball impacts [51].
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 15 Fig 1-5. Illustration of the multi-scale nature of residual stresses in polycrystals [52].
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 16 Fig 1-6. Schematic illustration of the variation in work hardening along the thickness of a SMATed sample [54].

Fig 1 - 7 .

 17 Fig 1-7. Loading and unloading cycles in a tensile test highlighting work hardening [55].
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 18 (b). After the early propagation on the planes of (or close to) maximum shear stress, the fatigue cracks could change their paths to planes perpendicular to the maximum principal stress. It means that there is a trend of transition from Stage I to Stage II due to the effect of the principal stress.
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 18 Fig 1-8. Illustration of shear stress and normal stress on shear plane: (a) shear stress, and (b) principal stress [63].
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 19 Fig 1-9. Fatigue crack initiation and early propagation of coarse-grained copper during tensioncompression fatigue tests [63].
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 110 It is thus clear thatChapter 1: Literature review the initiation and early propagation of fatigue cracks under both cyclic tensioncompression and torsion loadings is mainly controlled by the maximum shear stress.
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 110 Fig 1-10. Fatigue crack initiation and early propagation of cracks in coarse-grained copper during torsion fatigue tests [63].

  called 'plastic blunting mechanism' to explain the formation of fatigue striations, as presented in. What needs to be mentioned here is that although the model is based on tension-compression fatigue, it can be also applied to torsion fatigue, because their stress states are similar in essence. This model involves repetitive blunting and sharpening in the front of a crack. Fig 1-11(a) shows the configuration before cyclic loading. During the tensile part of the loading cycle, plastic strain at the crack tip causes localized slips on the two maximum shear planes (Fig 1-11(b)). The situation at the maximum tensile load is shown in Fig 1-11(c) and the beginning of the compressive cycle is shown in Fig 1-11(d). The reversal of the loading direction, during compression, causes the crack faces to join, as illustrated in Fig 1-11(e). However, the fresh surfaces created during the tensile part of the cycle are not completely "healed", due to the slip occurring in the reverse direction. Depending on the material and the environment, a large part of slips during compression occurs on new slip planes, and the crack tip assumes a bent form with "ears", (shown in Fig 1-11(e)). By the end of the half compression cycle, the crack tip is resharpened, and the propagation sequence of the next cycle starts as shown in Fig 1-11(f).

Fig 1 - 11 .

 111 Fig 1-11. Fatigue crack growth by a plastic blunting mechanism: (a) zero load, (b) small tensile load, (c) maximum tensile load, (d) small compressive load, (e) maximum compressive load and (f) small tensile load. Note that the loading axis is vertical [64].
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 112 Fig 1-12. Fracture morphologies of coarse-grained copper after tension-compression fatigue tests (a), (b); and torsion fatigue tests under a high strain amplitude (c), (d) [63].
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 113 Fig 1-13. Fracture morphologies of coarse-grained copper after torsion fatigue under low strain amplitude [64].
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 1 14 (a) for hole notched 2024-T3 specimens.
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 1 14 (b).
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 1 Fig 1-14. (a) Scatter of fatigue crack initiation period and crack growth period of 2024-T3 specimens;

  the work of Pandey et al. [81], Ultrasonic Shot Peening (USSP) of different durations was used to treat an AA7075. The residual stress distribution of different USSPed specimens along the depth from the surface is shown in Fig 1-15 (a). It can be seen that the residual stress is compressive in the near surface region. The magnitude of residual stresses is increased with the increase of USSP treatment duration. For the USSP 300 sample (treatment during 300 s), the magnitude of compressive residual stress is 265 MPa at the surface, and it is increased to the maximum level of 410 MPa at the depth of 10 μm and then decreased to 200 MPa at the depth of 250 μm. As the improvement in fatigue life is a consequence of the compressive stress field induced by impacts, it was expected to obtain an increase in fatigue life with greater compressive residual stress. However, the specimen with the largest value of compressive residual stress of USSP 300 did not exhibit highest fatigue resistance as seen in Fig 1-15 (b).
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 1 Fig 1-15. (a) Variation of residual stress along the depth from the surface of specimen in AA7075 processed by USSP for different durations; (b) dependence of fatigue life on total strain amplitude for different conditions [81].
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 1 Fig 1-16. (a) Variation of residual stress along the depth from the surface of the shot peened AISI 4340 steel with four different intensities; (b) S-N curves of the base material and the states shot peened with different conditions [83].
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 117 Fig 1-17. Residual stress profiles before and after cyclic loading [86].
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 118 Fig 1-18. Relaxation of surface residual stresses during fatigue tests with different strain amplitudes [88].

Fig 1 -

 1 Fig 1-19. In-depth distribution of longitudinal residual stress obtained after different numbers of cycles: (a) N=1; and (b) N=Nf/2, under different strain amplitudes [88].
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 1 Fig 1-20. (a) Variation of hardness with distance from the treated surface of a Ti-6Al-4V subjected to SMAT; (b) fatigue lives obtained (arrow indicates non-failure) for the Ti-6Al-4V processed with different SMAT conditions [92].

  [START_REF] Shahzad | Influence of surface treatments on fatigue life of Al 7010 alloy[END_REF], two different cutting conditions were used to obtain two different initial surface roughness. The S-N plot of bending fatigue tests for specimens with different surface roughness Ra is shown in Fig 1-21. Rough surface is clearly harmful to the fatigue strength of this material. In the low cycle fatigue regime,

Fig 1 -

 1 Fig 1-21. S-N plot of bending fatigue tests for specimens with two different surface roughness [94].

Fig 1 - 22 .

 122 Fig 1-22. Fatigue properties of specimens with different surface states: (a) fatigue life of various specimens; (b) fatigue crack evolution of an as-cast specimen and a polished one [95].

316L steel was treated for 5 ,

 5 10, 15, and 20 min using 250 stainless steel balls with a diameter of 4.76 mm. As shown in Fig 1-23, the SMATed sample surface is characterized by the presence of dark spots which represent the craters due to the impact of milling balls during the treatment. It can thus be concluded from the results that longer duration of SMAT generates more craters on the treated surface.

Fig 1 - 23 .

 123 Fig 1-23. Effect of SMAT duration on the surface morphologies [33].

Fig 1 -

 1 Fig 1-24. Effect of treatment duration on the roughness and the wettability [33].

Fig 1 -

 1 25 (a). It can be seen that the Ra values are relatively constant (± 0.7 μm) for all milling ball numbers used in this study, which means that the steady-state surface is already achieved.To study the effect of ball size, samples were treated for 15 min using stainless steel balls with a diameter of 3.18, 4.76 and 6.35 mm, respectively. According to the results shown in Fig 1-25 (b), SMAT with larger milling balls generates a less rough surface

Fig 1 -

 1 Fig 1-25. (a) Effect of ball number on surface roughness and wettability; (b) effect of ball size on surface roughness and wettability [33].

Fig 1 -

 1 26 (a). The microstructure of an AA7075 observed by Pandey et al.[START_REF] Pandey | Role of ultrasonic shot peening on low cycle fatigue behavior of 7075 aluminium alloy[END_REF] is given in Fig 1-26 (b) and (c). The micrographs show the presence of some big particles (Fig 1-26 (b)). These particles are probably some coarse intermetallics such as Al3Fe and Al7Cu2Fe distributed throughout the grains of AA7075, according to the literature [104][105]. Fig 1-26 (c) shows needle shaped η precipitates (MgZn2) and plate like η′ precipitates in the grains, and η precipitates segregated at grain boundaries. These different groups of particles will be presented in the next sub-sections.

Fig 1 -

 1 Fig 1-26. (a) Microstructural features in 7xxx aluminium alloys [101]; (b) optical micrograph; (c) TEM micrograph showing the microstructure of an AA7075 [81].

Fig 1 -

 1 Fig 1-27 shows an example of micrograph with different types of intermetallicspresent in an AA7075. This is in accordance with the types of intermetallics reported in literature for this alloy[114][115][116][START_REF] Park | Microstructures of the commercial 7075 Al alloy in the T651 and T7 tempers[END_REF]. Among the classified intermetallics, it can be concluded that the most abundant intermetallics are the Fe-and Cu-rich intermetallics, while the Mg2Si intermetallics are present in smaller quantities. The size of the Al7Cu2Fe and (Al,Cu)6(Fe,Cu) intermetallics ranges between 1 µm and 20 µm, while the Mg2Si intermetallics have a size between 1 µm and 10 µm[START_REF] Park | Effect of retrogression and reaging treatments on the microstructure of Ai-7075-T651[END_REF]. This wide size range of the intermetallics is due to the fracture of some intermetallics caused by the rolling of alloy.

Fig 1 - 27 .

 127 Fig 1-27. Example of intermetallics observed in AA7075 [101].

  established at the solution temperature range of 465-490 °C and aging temperature of 120 °C, as shown in Fig 1-28 [125][126]. The definitions of these different processes are given as follows:

Fig 1 -

 1 Fig 1-28. Heat treatment process for precipitation hardening 7xxx alloys [126].

Fig 1 -

 1 Fig 1-29. SEM micrographs of 7075 Al alloy: (a) as-cast and as quenched, followed by treatment of (b) SHT 450 °C/1h, (c) 450 °C/4h, (d) 450 °C/8h, and (e) 480 °C/1h [125].

Fig 1 - 30 .

 130 Fig 1-30. Tensile strength and % elongation of AA7075 before and after solution heat treatment [125].

during 8 h

 8 , 24 h and 48 h are shown in Fig 1-31. It can be seen that some fine precipitates termed as GP zones are formed from the supersaturated solid solution. The GP zones are disk-like clusters and they are coherent with the Al matrix. The GP zones have small size of 3-4 nm according to the morphological feature shown in Fig 1-31 (b). As displayed in Fig 1-31 (c), there are some η′ precipitates generated in the Al matrix when the specimens are aged at 120 °C during 24 h. The morphological feature of η′ precipitate is shown in Fig 1-31 (d). The diameter of the disk-like η′ precipitates is about aged at 120 °C for 48 h are also GP zones (Fig 1-31 (e)), and very few η′ precipitates were generated and transformed to the incoherent ones, as shown in Fig 1-31 (f).

Fig 1 -

 1 Fig 1-31. TEM images of matrix precipitates and their morphological feature for specimens aged at 120 °C for three different time durations: (a) and (b) 8 h; (c) and (d) 24 h; (e) and (f) 48 h [133].

Fig 1 -

 1 Fig 1-32. (a) Hardness-aging time curve for AA7075 aged at 120 °C; (b) tensile stress-strain curves of AA7075 under different aging time [133].

Fig 1 - 33 .

 133 In the early stage of aging, precipitates are fine and Chapter 1: Literature review coherent with the matrix, and they can be easily cut through by dislocations. As aging time increases, the precipitates grow up to a critical size or the interfaces with the matrix change from coherent to incoherent. In this case, dislocations can bypass the precipitates instead of cutting through.

Fig 1 - 33 .

 133 Fig 1-33. Diagram of the mechanism changing with aging time [113][126].

Fig 1 -

 1 Fig 1-34. The S-N curves of AA7075 with different aging conditions [133].
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 2 Material states and characterization 49 received in form of extruded bar with a diameter of 15 mm. The nominal chemical composition (in wt.%) of the material is shown in Table 2-1. The received bars were machined into fatigue testing specimens in order to investigate the effect of SMAT on the fatigue properties of this alloy. The dimensions and the shape of the specimen are shown in Fig 2-1 (a). The machined fatigue specimens have a dumbbell shape with a total length of 116.6 mm. The central reduced section has a minimum diameter of 4 mm. It should be noted that these fatigue specimens are used for both tension-compression and torsional fatigue tests conducted in this work. For torsional fatigue tests however, two flats were machined on each head of the specimens and flat grips were used to avoid the gliding while imposing torsional loading. The longitudinal and transversal direction referred in this chapter are defined as shown in Fig 2-1 (b).

Fig 2 -

 2 Fig 2-1. (a) Shape and dimensions (in mm) of the specimens used in this work for both tensioncompression and torsional fatigue tests; (b) direction definition of this work, i.e. longitudinal plane (XY), transversal plane (YZ).

  4 hours, followed by water quenching as shown in Fig 2-2. Age hardening was then performed at a temperature of 120 °C and 185 °C respectively for various time durations as shown in

51

 51 

Fig 2 - 2 .

 22 Fig 2-2. Schematic description of heat treatment process adopted in this work.

52 2. 1 . 3

 5213 SMAT processAs presented in Chapter 1, a SMAT set-up is based on the vibration of balls boosted by a high frequency (20 kHz) ultrasonic generator. In this work, the central region of the cylindrical fatigue specimen is located in an enclosed chamber and repeatedly impacted by balls with high kinematic energy projected in multi-direction. SMAT can generate severe plastic deformation in the near surface region, which can lead to a grain refinement at the surface of the specimen[START_REF] Cheung | Study on Mechanical Properties of 2024 Al Sheet Treated by SMAT[END_REF]. In order to homogenously impact the cylindrical surface of the specimen, an electric motor is used to keep the specimen rotating during SMAT process. A picture of a specimen installed in the SMAT device is shown in Fig2-3. In this work, a mass of 20 g steel balls with 2 mm diameter were used for SMAT process. The distance between the surface of the sonotrode and the specimen is 18 mm.

Fig 2 - 3 .

 23 Fig 2-3. Photography of a specimen installed in the SMAT device.

  Fig 2-4 (d). Due to the occurrence of over-treatment caused by the high generator power with a short treatment time, only the first test condition, i.e. with a generator power of 27% was chosen in this work.

Fig 2 - 4 .

 24 Fig 2-4. Surface topography of specimens treated by SMAT with different conditions: (a) and (c) correspond to the initial states, and (b) and (d) show the obtained surface states respectively with a generator power of 27% during 150 s and with 57% during 140 s.

  . For this purpose, the specimens were wet ground successively with 800, 1200 and 2400 grit SiC paper. The time durations were controlled for each step so that the polishing traces from the previous step were totally eliminated. Optical microscopy was used to characterize the surface appearance of AM, Polished, AM-SMAT150 and AM-SMAT1000 specimens, as shown in Fig 2-5 respectively. It can be seen from Fig 2-5 (a) that there are many parallel traces generated Chapter 2: Material states and characterization 55

  Fig 2-5 (b). As for the SMAT processed specimens shown in Fig 2-5 (c) and (d), at the surface there is the presence of imprints generated by multi-impacts of balls during SMAT process. But due to the shorter duration of AM-SMAT150, its surface is composed of machining grooves and impact imprints as seen in Fig 2-5 (c), whereas it seems that the surface of AM-SMAT1000 is totally covered by the impacts and no machining grooves can be observed, as illustrated in Fig 2-5 (d).

Fig 2 - 5 .

 25 Fig 2-5. Surface observation of specimens in different states: (a) AM, (b) Polished, (c) AM-SMAT150, (d) AM-SMAT1000.

2. 2

 2 Microstructure analyses 2.2.1 Metallography and SEM observations2.2.1.1 Specimen preparationFor the purpose of microstructure observations, specimens were cut from the central part of the dumbbell shape fatigue samples. The specimens were then molded with conductive carbon resin, as shown in Fig2-7. The circular part in the middle is the transverse section of a fatigue sample and the two rectangular forms correspond to the two perpendicular longitudinal sections. Mechanical polishing and subsequent chemical etching were used to reveal the microstructure. Mechanical polishing is composed of two steps. The molded specimens were first ground using 400, 800, 1200

Chapter 2 :

 2 Fig 2-7. Specimens prepared for microstructure observations.

Fig 2 - 8 .

 28 Fig 2-8. Etching procedure for revealing the microstructure.

  Fig 2-9 (b). SEM observation is also conducted to observe these particles, and the results are illustrated in Fig 2-9 (c) and (d). These particles seemingly belong to two groups, i.e. bright and dark particles. The identification of these particles will be given in a section of EDS analyses.

Fig 2 - 9 .

 29 Fig 2-9. Microstructure observation of the studied AA7075 under AM condition: (a) and (c) transversal section (YZ plane), (b) and (d) longitudinal section (XY plane).

Fig 2 - 10 .

 210 Fig 2-10. Microstructure observation of the alloy in HT state.

  Fig 2-11, it could be inferred that some areas of this region are relatively poor in Al, but rich in other major added elements including Mg, Si, Fe and Cu. From the analysis of each elements content as shown in the Table 2-5, particles with the presence of Mg, Fe and Cu could be identified as Al7Cu2Fe based on the literature review of Bianchetti et al. [98]. The Al7Cu2Fe particles correspond to the bright particles highlighted in Fig 2-9 (c) and (d). As for the observed dark particles, they contain Si and Mg elements, which are Si-bearing

Fig 2 -

 2 Fig 2-11. Distribution of elements obtained by EDS analyses of particles present in the material.

  Fig 2-12 (a). According to the high magnification view given in Fig 2-12 (b), precipitates of η′ phase or transition phase can be detected. Note that η′ phase is often observed in AA7075 after under-aging and peak aging treatments. These observations are consistent with the results presented by Pandey et al. [81] for an AA7075-T6 alloy.These fine precipitated particles present in a great quantity obstruct the dislocation movement during mechanical straining, resulting in enhanced strength and hardness[START_REF] Panigrahi | Effect of annealing on thermal stability, precipitate evolution, and mechanical properties of cryorolled Al 7075 alloy[END_REF].

Fig 2 -

 2 Fig 2-12. TEM images of the AM specimen: (a) overall view; (b) magnified view of red rectangular zone indicated in (a).

Fig 2 -

 2 Fig 2-13. TEM images of the HT specimen: (a) overall view; (b) magnified view of red rectangular zone indicated in (a).
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 214 Fig 2-14. Specimen prepared for microhardness measurement.

Fig 2 -

 2 Fig 2-15. Micro-indentations made on the cross-section of a specimen.

Fig 2 -

 2 Fig 2-16. In-depth microhardness variations for specimens prepared with different processes.

Fig 2 - 17 .

 217 Fig 2-17. Comparison of microhardness variations between AM-SMAT1000 and AM-SMAT150.

Chapter 2 :

 2 1.2, tensile tests were performed in order to choose a more suitable heat treatment condition. The tests were conducted using the hourglass shaped fatigue samples even if they were not ideal for tensile tests. However, they should be sufficient to qualitatively observe the difference in strength and ductility of the material states obtained with different heat treatment conditions. Eight sets of samples with different aging time and/or temperature were tested, including the AM samples and the samples treated only by solution treatment. The results of the tensile tests are presented in the form of stress-strain curves, as shown in Fig 2-18. It should be mentioned that for the curves of the solution treated samples, many significant fluctuations are present throughout the tensile tests.According to the literature, this phenomenon of strong fluctuation could be related to the Portevin-Le Chatelier (PLC) effect[START_REF] Reed | Observations of serration characteristics and acoustic emission during serrated flow of an Al-Mg alloy[END_REF][START_REF] Jiang | Investigation of kinematics of the Portevin-Le Chatelier deformation bands with dynamic digital speckle pattern interferometry[END_REF]. In fact, under certain temperature, Material states and characterization[START_REF] Ting | a Cast Aluminum Alloy[END_REF] 

2- 18 .

 18 As indicated above, the purpose of the heat treatment in our work is to increase the ductility so that the effect of SMAT can be more significant in upcoming fatigue tests. A solution heat treatment of 450 °C during 4 h followed by an aging of 185 °C during 12 h was thus chosen in this work.

Fig 2 -

 2 Fig 2-18. Tensile stress-strain curves of the AA7075 subjected to different heat treatment conditions.

Fig 2 - 19 .

 219 Fig 2-19. Tensile stress-strain curves of different material states: AM, AM-SMAT1000, HT, HT-SMAT1000, respectively.

  Fig 2-5, AM-SMAT1000 would lead to a superior fatigue resistance compared with AM-SMAT150 because of lower roughness value. Therefore, only SMAT1000 will be used in this work, and AM-SMAT/HT-SMAT mentioned in the following chapters refer to the SMAT1000 condition if no specific indication is given.

Fig 2 - 20 .

 220 Fig 2-20. Tensile curves obtained for the specimens processed with the two SMAT conditions.

Chapter 3

 3 Effect of SMAT on uniaxial fatigue propertiesChapter 2 illustrated the microstructure and the associated mechanical properties of the AA7075 treated by SMAT. It was shown that SMAT generates gradient features in the near surface region of the material. These features should significantly affect the fatigue behaviour of the material. Therefore, in this chapter, the uniaxial fatigue properties of the specimens treated by SMAT are investigated and compared with the non-treated specimens. Meanwhile, the effects of SMAT on the fatigue properties of the material is interpreted through analysing the S-N data and the Basquin parameters for different material states. Furthermore, the P-S-N curves are plotted in order to further analyse the fatigue properties of the material from a statistical viewpoint. Lastly, the failure morphologies are observed via digital optical microscopy and SEM, in order to identify the damage mechanisms and to consequently explain the beneficial or detrimental effects induced by SMAT under different imposed stress levels.

presented in Chapter 2 (

 2 Fig 2-1). The tests were conducted under constant amplitude loading of a sinusoidal waveform at room temperature with a frequency of 20 Hz. The imposed stress amplitudes were chosen so that the fatigue lives are in the range of high cycle fatigue (between 3×10 4 and 2×10 6 cycles in this work). For all the fatigue tests, fatigue failure was defined as the complete rupture of the specimens. If no failure happened before 10 7 cycles, the fatigue tests would be stopped and the corresponding data point would be marked as an arrow. In this work, an ElectroPuls tension-torsion Chapter 3: Effect of SMAT on uniaxial fatigue properties 75 fatigue machine (fabricated by Instron) was used to perform these tests. This fatigue machine has a capacity of 10 kN in axial load and 100 Nm in torque. The fatigue experiment set-up is shown in Fig 3-1.

Fig 3 - 1 .

 31 Fig 3-1. Experiment set-up of fatigue machine.

shown in Fig 3 - 2 .

 32 At first glance, it seems that the points obtained with AM specimens (black points) and the ones obtained with AM-SMAT specimens (red points) are well mixed and there is no clear difference of trend between them.

Fig 3 -

 3 Fig 3-2. S-N plot of uniaxial fatigue data for AM and AM-SMAT specimens, and the corresponding curves fitted with Basquin equation.

  7 cycles, indicated by arrows as shown in Fig3-2, the imposed stress amplitude varies from 220 to 280 MPa, which also implies a high scattering. This observation of fatigue data dispersion is consistent with the results reported in the literature for AA7075[61][149][150]. This dispersion could be mainly caused by the great number of inclusions or intermetallic particles present in the alloy, as highlighted through analyses of EDS (Section 2.2.1.3) and reported by other authors. Some inclusions or intermetallic particles are brittle or have low bonding energy to the matrix. They may be fractured by cyclic loading, which can cause the initiation of micro-crack in the matrix and the subsequent propagation Chapter 3: Effect of SMAT on uniaxial fatigue properties 77 until failure. For example, Fe and Si are considered as impurities which can form coarse inclusions in 2xxx and 7xxx Al alloys and result in low fracture toughness and have an

3. 2 . 1 . 2

 212 HT material stateSimilarly, the fatigue data points as well as the S-N curves fitted by Basquin equation for HT material state are presented in Fig3-3. It can be seen that there is a clear difference between the two groups of points obtained respectively with HT and HT-SMAT specimens. The HT-SMAT specimens exhibit overall superior fatigue resistance compared to the HT specimens under all the studied stress levels. A wide dispersion of fatigue data can also be found especially in the low stress level (220 MPa)

Fig 3 -

 3 Fig 3-3. S-N plot of uniaxial fatigue data for HT and HT-SMAT specimens, and the corresponding curves fitted with Basquin equation.

3. 2 . 2

 22 Analyses of parameters involved in Basquin equation of uniaxial fatigue As shown in previous sections, the fatigue data points were fitted with Basquin equation and the S-N curves have been thus obtained. According to Eq. 3-1, 𝜎 𝑓 ′ is related to the intercept between the straight line and the ordinate, and b corresponds to Chapter 3: Effect of SMAT on uniaxial fatigue properties 79 the slope of straight line. It means that these two parameters can determine the shape of a S-N curve. Therefore, the difference in the shapes of the S-N curves obtained for different material states can be interpreted by analysing the values of 𝜎 𝑓 ′ and b. For most metals, although direct equivalence of 𝜎 𝑓 ′ to the true fracture stress is rarely observed in experiments, a correlation between these two quantities does often exist. As for the fatigue strength exponent b, its physical meaning and impact factors have not been clearly identified [151]. The Basquin equations of the uniaxial fatigue data obtained for different material states shown in Fig 3-2 and Fig 3-3 are given as follows: facilitate the interpretation of the results based on the parameters of the Basquin equations, the relationship between 𝜎 𝑓 ′ and b for different material states are plotted and presented in Fig 3-4. It can be seen from Fig 3-4 that the points of AM-SMAT and HT-SMAT are higher than AM and HT respectively, which infers that the material treated by SMAT has higher 𝜎 𝑓 ′ for both AM and HT states. However, the variation of b for the two states is different from each other. For the cases of AM, it can be seen that although the value 𝜎 𝑓 ′ of AM-SMAT increases from 684.70 to 794.32 MPa, b is decreased slightly from -0.061 to -0.071 at the same time (see the red points shown in Fig 3-4). Therefore, the lower fatigue lives obtained for AM-SMAT specimens in the range of low stress level reflect the limited effect of SMAT, which is manifested by the decrease of b. While for the HT cases (see blue points), both parameters increase simultaneously from 831.75 to 891.25 MPa for 𝜎 𝑓 ′ and from -0.100 to -0.097 for b

Fig 3 - 4 .

 34 Fig 3-4. Relationship between fatigue strength coefficient 𝜎 𝑓 ′ and fatigue strength exponent b for different material states under uniaxial fatigue tests.

  Normal, Exponential, Weibull and Lognormal distributions were considered within the individual distribution identification function in Minitab. The linearity and variation of the three data of the stress level of 330 MPa are given here as an example, as shown in Fig 3-5. This type of plot represents also the variation in the number of points used to determine the Anderson-Darling Statistic. The Normal, Exponential, Weibull and Lognormal distributions are shown in Fig 3-5 (a)-(d) respectively. The corresponding Anderson-Darling Statistic value evaluated for each parameter is also given. It can be seen that the Weibull distribution fits the fatigue data best for AM specimen because of the smallest AD value of Weibull distribution.

Fig 3 - 5 .

 35 Fig 3-5. Axial fatigue data distribution identification of AM specimens under 330 MPa.

Fig 3 - 6

 36 and Fig 3-7 respectively. From the overall

Fig 3 -

 3 Fig 3-6. P-S-N curves of AM specimen.

Fig 3 -

 3 Fig 3-7. P-S-N curves of AM-SMAT specimen.

Fig 3 - 8 .

 38 Fig 3-8. Variation of the shape parameter b with respect to the stress amplitude for AM and AM-SMAT specimens.

Fig 3 - 8

 38  shows also that the values of the shape parameter b of AM-SMAT are higher than those of AM, especially under high stress levels, which seems to indicate that SMAT could reduce/suppress the scatter of fatigue data. A similar phenomenon of less

[ 156 ]

 156 [START_REF] Miller | Materials science perspective of metal fatigue resistance[END_REF]. Therefore, besides surface roughness, the change of crack initiation sites from surface to subsurface (displayed and discussed later in failure analyses) should be regarded as the other factor introduced by SMAT which can lead to lower scatter of fatigue data.Lastly, the P-S-N curves of AM and AM-SMAT specimens are plotted together in order to have a comparative look (see Fig3-9). The dotted lines and the solid lines represent AM and AM-SMAT conditions respectively. The intersections corresponding to 10%, 50% and 90% failure probabilities can be observed under the stress amplitudes of 290 MPa, 305 MPa and 320 MPa respectively. These intersections at quite different stress amplitudes for the two states are due to their different Weibull distribution patterns at both high and low imposed stress levels.

Fig 3 - 9 .

 39 Fig 3-9. Comparison of P-S-N curves between AM and AM-SMAT specimens.

Fig 3- 10 and

 10 Fig 3-11 respectively for HT and HT-SMAT specimens. It can be seen that the three probabilistic curves of HT fit the experimental fatigue data quite well, because the probabilistic curves can englobe almost all the experimental data points. It means in this case that Weibull distribution can well describe the HT data. For the case of AM-

Chapter 3 : 89 Fig 3 -

 3893 Fig 3-10. P-S-N curves of HT specimen.

Fig 3 - 90 Fig 3 -

 3903 Fig 3-11. P-S-N curves of HT-SMAT specimen.

illustrated in Fig 3 - 13 .

 313 Therefore, all the failure observations performed in this work (including uniaxial fatigue tests in this Chapter and torsional fatigue tests in Chapter 4) contain both lateral surface and cross-sectional surface.

Fig 3 - 13 .Chapter 3 : 91 3. 4 . 1 Macro-fracture analyses 3 . 4 . 1 . 1

 313391413411 Fig 3-13. Schematic description of failure observation at both lateral and cross-sectional surfaces.

Fig 3 - 14 .

 314 Fig 3-14. Typical morphology of cross-section for uniaxial fatigue test.

Fig 3 - 15 .

 315 Fig 3-15. Overall view of fracture surfaces of AM (a) and (b), AM-SMAT (c) and (d) under high stress amplitude of 330 MPa (a) and (c), low stress amplitude of 270 MPa (b) and (d) respectively.

Fig 3 -

 3 16 (c). However, under low stress amplitude, the plain corresponds to Region I is disappeared and replaced by a large inclined slope as seen in.

Chapter 3 :

 3 Effect of SMAT on uniaxial fatigue properties[START_REF] Gao | Effect of surface mechanical attrition treatment on high cycle and very high cycle fatigue of a 7075-T6 aluminium alloy[END_REF] It should be noticed that the inclined slope found here is different from the one in other cases such as AM or AM-SMAT under high stress levels. In particular, it can be seen that Region I and Region II cannot be clearly distinguished in the range of low stress levels as shown in. Actually, under low stress levels, Region Ι dominates the whole fracture surface of AM-SMAT specimens. Hence, it can be concluded that when the stress level decreases, the increase of Region I leads to the decrease of Region II in both AM and AM-SMAT cases. In particular, Region II of AM-SMAT specimens is totally disappeared and replaced by extended Region I under low stress level.The phenomenon observed in Fig 3-16 (e) is similar to the result presented by Libor et al.[START_REF] Trško | Influence of Severe Shot Peening on the Surface State and Ultra-High-Cycle Fatigue Behavior of an AW 7075 Aluminum Alloy[END_REF]. In their work, they suggested that for an AW 7075 aluminium alloy treated by shot peening, cracks initiated from the surface of specimen and first propagated in a plain almost perpendicular to the loading direction. After reaching several tenths of micrometre, the orientation of the crack propagation changed to an angle of 45°-60° to the loading direction.

Fig 3 - 16 .

 316 Fig 3-16. Macroscopic fracture profiles of AM (a) and (b), AM-SMAT (c) and (d) under high stress amplitude (a) and (c), low stress amplitude (b) and (d) respectively; (e) corresponds to an inclined view of (d).

Fig 3 - 17 .

 317 Fig 3-17. Overall view of fracture surfaces of HT (a)-(c) and AM-SMAT (d)-(f) under stress level of 300 MPa (a) and (d), 260 MPa (b) and (e), 220 MPa (c) and (f) respectively.

Fig 3 -

 3 Fig 3-18. Macro-failure analysis of HT specimens (a)-(c), and HT-SMAT specimens (d)-(f) under the stress amplitudes of 300 MPa (a) and (d), 260 MPa (b) and (e), 220 MPa (c) and (f), respectively.
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 42 Micro-fracture analyses 3.4.2.1 AM material state According to the S-N data shown in Fig 3-2, SMAT is effective only when the applied stress is higher than 290 MPa. Therefore, the failed specimens are divided into two groups, i.e. the group with beneficial SMAT effect and the one with detrimental effect. Typical micro-fracture cross-sectional surface analyses of beneficial SMAT effect, compared with AM specimens are given in Fig 3-19. Representative fracture surfaces of AM specimens under the stress amplitudes of 330 MPa, 310 MPa and 290 MPa show that the crack initiated from a site on the surface, as shown in Fig 3-19 (a)-(c). It is a common phenomenon since fatigue cracks generally initiate at surface and propagate towards the interior of material [17][22][159]. Fracture cross-section surface observations were also performed for AM-SMAT specimens under 330 MPa, 310 MPa and 290 MPa. Typical fracture surfaces are illustrated in Fig 3-19 (d)-(f). Similar to the results of the macro-failure surface observations, crack initiation sites location change from surface to subsurface due to the effect of SMAT.

Chapter 3 : 97 Fig 3 - 19 .

 397319 Fig 3-19. Fracture morphologies of AM (a)-(c), and AM-SMAT (d)-(f), under the axial stress amplitude of 330 MPa (a) and (d), 310 MPa (b) and (e), 290 MPa (c) and (f) respectively.

Fig 3 - 20 .

 320 Fig 3-20. Typical fracture morphologies of AM specimens under 310 MPa: (a) overall view showing the cross-section crack initiation site; (b) view of the lateral surface crack initiation site corresponding to (a); (c) magnified view of (b); (d) optical microscopy observation of the lateral surface crack initiation site.

Chapter 3 : 99 Fig 3 - 21 .

 399321 Fig 3-21. Fracture surfaces of AM-SMAT specimens obtained under the stress amplitudes of 310 MPa (a)-(c), and 330 MPa (d)-(f); (a) and (d) correspond to cross-section, and (b) and (e) correspond to the lateral surface of (a) and (d) respectively; (c) and (f) correspond to the optical microscopy observation of (a) and (d) respectively.

Fig 3 - 22 .

 322 Fig 3-22. Typical fracture surface of AM-SMAT specimens under the stress amplitude of 270 MPa: (a) cross-section; (b) lateral surface observed from the direction of the red arrow in (a); (c) magnified view of the red circle in (b).

3. 4 . 2 . 2 101 Fig 3 - 23 .

 422101323 Fig 3-23. Fracture morphologies of HT (a)-(c), and HT-SMAT (d)-(f), obtained under the stress amplitude of 300 MPa (a) and (d), 260 MPa (b) and (e), 220 MPa (c) and (f) respectively.

Fig 3 - 24 .

 324 Fig 3-24. Representative lateral surface of a HT specimen failed under 260 MPa: (a) overall view; (b) magnified image of the red rectangle in (a); (c) magnified image of the red rectangle in (b).

103 Fig 3 -

 1033 Fig 3-25. (a) SEM observation of failed specimens showing: (a) fatigue crack initiation and early propagation along 45° to the longitudinal axis of the specimen, and (b) fatigue striations observed in the region corresponding to Stage II crack propagation indicated in (c).

  , the crack seems to propagate directly along a plane of 45° to the longitudinal axis of specimen, which means that Stage I dominates the whole fracture process. The fracture process scenario for AM-SMAT specimen under low stress level is similar to the description of Ref.[START_REF] Forsyth | Fatigue damage and crack growth in aluminium alloys[END_REF] as shown in. The crack propagates between two crystal planes along approximately 45° to maximum tensile stress direction. Similar result was also observed for an AW aluminium 7075[START_REF] Trško | Influence of Severe Shot Peening on the Surface State and Ultra-High-Cycle Fatigue Behavior of an AW 7075 Aluminum Alloy[END_REF]. The phenomenon is due to the lack of promotion effect provided by principal stress on the transformation from Stage I to Stage II according to Li et al. [63]. In our work, due to the enhanced strength resulting from SMAT, the principal stress of AM-SMAT under low stress level gives insufficient promotion effect of transformation from Stage I to Stage II. Therefore, Stage I instead of Stage II dominates the whole fracture surface of AM-SMAT specimen under low stress levels.

Fig 3 -

 3 Fig 3-26. (a) Schematic illustration of the various modes of fatigue fracture observed in aluminium alloy; (b) schematic description of fracture process under low stress level [164].
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 441 Beneficial effects of SMATAccording to the micro-fracture observations as shown in Section 3.4.2, the crack initiation sites change from surface to subsurface due to the effect of SMAT in both conditions of AM-SMAT and HT-SMAT. Moreover, in Ref.[START_REF] Huang | Fatigue behaviors of AISI 316L stainless steel with a gradient nanostructured surface layer[END_REF][80][START_REF] Yang | Enhanced fatigue resistance of Cu with a gradient nanograined surface layer[END_REF], the authors claimed that one of the reasons related to the noticeable increased fatigue life of the Chapter 3: Effect of SMAT on uniaxial fatigue properties 105 treated materials is the transition of crack initiation sites from surface to subsurface.

Fig 3 -

 3 27. As illustrated above, cracks can be observed on the lateral surface of AM-SMAT specimens under low stress levels. Furthermore, several micro-cracks can be observed at the tip of the cracks as seen in Fig 3-27, which implies that one of these micro-cracks would eventually turn into the final crack and cause a rupture. The phenomenon observed here is also consistent with the work of Kumar et al.[START_REF] Kumar | Influence of surface mechanical attrition treatment duration on fatigue lives of Ti-6Al-4V[END_REF] who investigated the influence of SMAT duration on the fatigue resistance of a Ti-6Al-4V. They claimed Chapter 3: Effect of SMAT on uniaxial fatigue properties 107 that surface damage was severe with more micro-cracks in the case of longer SMAT duration. It means that the longer duration of SMAT resulted in more and deeper microcracks on the treated surface, which may have a strong influence on the fatigue strength.It could thus be concluded that the multiple surface micro-cracks introduced by SMAT accelerate crack initiation and thus result in decreased fatigue strength.

Fig 3 -

 3 Fig 3-27. Micro-cracks observation of AM-SMAT specimens under the axial stress of 270 MPa (a)-(b); (b) corresponds to the magnified view of the red circle in (a).

  The grain refinement near the surface of AA7075 resulting from SMAT could thus accelerate the crack propagation. Meanwhile, this trend can be reflected by the Basquin equation parameter of AM-SMAT as analysed in Fig 3-4 of Section 3.2.2. According to Li et al. [151],

Fig 3 -

 3 Fig 3-28 (a) and (b) respectively. For CG Cu, fatigue cracks nucleate from slip bands (Fig 3-28 (a)); while for UFG Cu, shear bands accommodate a majority of plastic deformation and give rise to the cracking sites (Fig 3-28 (b)). They also claimed that cracking sites where plastic deformation undertakes and then cracks initiate, change from slip bands to shear bands with the decrease of grain size. Moreover, it can be seen

Fig 3 - 28 .Chapter 3 :

 3283 Fig 3-28. Schematic illustration of cracking sites in (a) CG Cu, and (b) UFG Cu specimens [151].

Fig 3 - 29 .

 329 Fig 3-29. Example of damage morphology on the lateral surface of AM (a), and AM-SMAT (b), under a same stress level of 280 MPa.
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 43641124 The rough surface and micro-cracks generated by SMAT are regarded as detrimental factors. These factors play a predominant role in the low stress region and lead to the reduction in fatigue life. Furthermore, the acceleration of crack propagation and the transition of crack sites from slip bands to shear bands due to the grain refinement are other factors that may lead to the decreased fatigue lives in the low stress range. Effect of SMAT on uniaxial fatigue properties 111 5. HT-SMAT specimens have markedly higher fatigue lives under all the stress levels applied in this work according to the analyses of the S-N data and Basquin equation parameters. This observation is consistent with the P-S-N curves, i.e. the fatigue strength of HT-SMAT is higher than that of HT specimens for all the probabilistic curves. The micro-failure observation indicates that the crack initiation sites of HT-SMAT specimens shift from surface to subsurface under all the stress levels applied in this work, which therefore results in improvement of fatigue lives. This phenomenon is similar to the observations of AM-SMAT under high stress level.7. The cracking mechanism of uniaxial fatigue tests in this work can be described as follows: the micro-cracks initiate and propagate on the circumferential surface along maximum shear planes (45° to the longitudinal axis of the specimens), which is known as Stage I. In Stage II, the cracks change their directions to propagate along maximum principal stress planes (perpendicular to the longitudinal axis of specimen) due to the effect of principal stress. However, since the principal stress of AM-SMAT under low stress levels is not sufficient to change the crack directions, only Stage I can be observed. Effect of SMAT on torsional fatigue properties Effect of SMAT on torsional fatigue properties Chapter 3 presented the uniaxial fatigue properties of the AA7075 treated by SMAT in the AM and HT states respectively. However, the mechanical properties under torsion fatigue are also important since many service industrial components are subjected to cyclic torsional loadings. In addition, the failure process of torsional fatigue is in general different from uniaxial fatigue and thus needs to be investigated. Therefore, in this chapter, the torsional fatigue properties and cracking mechanism of the AA7075 in different states are investigated.Firstly, the torsional fatigue properties of the studied AA7075 in AM and HT states are investigated and the results are presented in a form of S-N plot and P-S-N curve respectively. Secondly, failure surface observations of specimens in different states are performed in order to understand the cracking mechanisms. Subsequently, the effects of SMAT on torsional fatigue properties are analysed based on the above-mentioned investigations. Lastly, fatigue life prediction for torsional data by using common failure criteria is given from the fatigue data of uniaxial fatigue tests.
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 211 AM material state The torsional S-N data points obtained with AM and AM-SMAT specimens are shown in Fig 4-1. To better visualize the effect of SMAT, the lines fitted by Basquin equation are also plotted in Fig 4-1.According to the two lines, there is an intersection between them at about 192 MPa. It can be seen that when the applied stress amplitudes are higher than 192 MPa, 𝑁 𝑓 is higher for AM-SMAT. It means that in this range of stress amplitude, SMAT increases the fatigue resistance and thus demonstrates a beneficial effect. On the contrary, for the stress amplitudes lower than 192 MPa, the effect seems to be opposite. AM-SMAT specimens exhibit lower fatigue strength compared to AM specimens in low stress range, which means that SMAT introduces negative effects to the AA7075 alloy. This observation is rather similar to that of the uniaxial fatigue test as illustrated in Chapter 3. Although the effect of SMAT leads to improved fatigue strength of AM-SMAT specimens under high stress amplitudes, it might decrease the fatigue strength in low stress region.

Fig 4 - 115 Fig 4 - 2

 411542 Fig 4-1. S-N plot of torsional fatigue data for AM and AM-SMAT specimens, and the corresponding curves fitted with Basquin equation.

Fig 4 - 3 .Chapter 4 : 117 4. 3 Statistical analyses of torsional fatigue properties 4 . 3 . 1

 4341173431 Fig 4-3. Plot of fatigue strength coefficient 𝜎 𝑓 ′ versus fatigue strength exponent b for different material states under torsional fatigue tests.

  Fig 4-4 and Fig 4-5 respectively. It can be seen that the experimental data well follow the curves for both AM and AM-SMAT specimens.

Fig 4 -Chapter 4 :

 44 Fig 4-4. P-S-N curves of AM specimens under torsional fatigue.

Fig 4 - 6 .

 46 Fig 4-6. Comparison of P-S-N curves between AM and AM-SMAT specimens under torsional fatigue.

Fig 4 -Chapter 4 :

 44 Fig 4-7. P-S-N curves of HT specimens under torsional fatigue.

Fig 4 -

 4 Fig 4-9. P-S-N curves of both HT and HT-SMAT specimens plotted together for comparison.

4. 4 . 1 Macro-fracture analyses 4 . 4 . 1 . 1 125 Fig 4 - 10 .

 414411125410 Fig 4-10. The lateral fracture profiles: (a)-(c) AM specimens under the shear stress amplitudes of 240 MPa, 220 MPa,180 MPa respectively; (d)-(f) AM-SMAT specimens under 240 MPa, 220 MPa, 180 MPa respectively; (g) magnified view of the red rectangle in (d).

(

  240 MPa) and low (170 MPa) stress levels are given in Fig 4-11. Firstly, it can be observed that all the fracture cross-sections of both AM and AM-SMAT specimens have visible conchoidal stripes and final rupture regions. In particular, a murky grey region can be observed in the opposite side of the final rupture region in the AM specimens under all the stress amplitudes, as shown in Fig 4-11 (a) and (b). Thisphenomenon is similar to the results reported by Zhang et al.[START_REF] Zhang | Effect of mean shear stress on torsion fatigue failure behavior of 2A12-T4 aluminum alloy[END_REF], who indicated that the formation of the murky grey region is due to reversed torsion loading and it 126 corresponds to the crack initiation region. However, the murky grey features are not present for the AM-SMAT specimens (see and (d)). Nevertheless, the reason related to the disappearance of murky grey region of AM-SMAT specimens is not clear so far, and it needs to be further investigated.

Fig 4 -

 4 Fig 4-11. Macro-failure analyses of fracture cross-sections: (a) and (b) correspond to AM state under 240 MPa and 170 MPa, respectively; (c) and (d) correspond to AM-SMAT state under 240 MPa and 170 MPa, respectively.

Fig 4 -

 4 Fig 4-12. Macro-failure analysis of HT specimens: (a) and (d) correspond to the shear stress amplitude of 200 MPa, (b) and (e) correspond to 170 MPa, and (c) and (f) correspond to 160 MPa.
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 421 AM material state Fracture surfaces of AM and AM-SMAT specimens obtained under shear stress amplitudes of 240 MPa and 170 MPa are illustrated in Fig 4-13. It can be seen that all the fracture surfaces of AM and AM-SMAT specimens under different stress levels are mostly flat, indicating the involvement of Mode III fracture mechanism[START_REF] Benedetti | Multiaxial fatigue resistance of shot peened high-strength aluminum alloys[END_REF]. Instead of fatigue striations or cracks, concentric ring-like features can be observed on all the fracture surfaces. Following the ring-like traces, it is easy to identify their centre as the final rupture region, i.e. the small bright region in each fracture surface (Fig 4-13). It should be noted that the bright final rupture region is not located in the centre of fracture surfaces. Considering the nature of torsional loading, these ring-like traces might be generated due to shear stress loading[START_REF] Nakamura | Fatigue crack initiation and growth behavior of Ti-6Al-4V under non-proportional multiaxial loading[END_REF]. The presence of ring-like features indicate that only Stage Ι crack propagation occurs in the fracture process. In this case, Stage Ι crack initiation mostly occurs on the circumferential surface and thus only the ring-like features can be observed on the obtained fracture surfaces. More detailed interpretation of the cracking mechanism for AM and AM-SMAT specimens under torsional loading will be given in Section 4.4.3.

Chapter 4 : 129 Fig 4 - 13 .

 4129413 Fig 4-13. Fracture cross-section appearances of AM (a) and (c), AM-SMAT (b) and (d), under shear stress amplitudes of 240 MPa (a) and (b), 170 MPa (c) and (d).

Fig 4 - 14 .

 414 Fig 4-14. Lateral surfaces of failed AM (a)-(c) and AM-SMAT specimens (d)-(f), corresponding to the shear stress amplitudes of 240 MPa (a) and (d), 200 MPa (b) and (e), 170 MPa (c) and (f) respectively; (g) corresponds to the magnified view of the red rectangle in (d).
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 422132415 Fig 4-15. Fracture morphologies of HT specimens: (a)-(c) corresponding to 210 MPa, and (d)-(f) correspond to 170 MPa. Among these figures, circumferential surface (a) and (d), cross-section (b) and (e), and magnified view (c) and (f) of red rectangles shown in (b) and (e), are shown respectively.

Fig 4 - 16 .

 416 Fig 4-16. Fracture morphologies of HT-SMAT specimens: (a)-(c) correspond to 220 MPa and (d)-(f) correspond to 170 MPa. Among these figures, circumferential surface (a) and (d), cross-section (b) and (e), and magnified view (c) and (f) of red rectangles shown in (b) and (e), are shown respectively.

Fig 4 -

 4 Fig 4-17 (a). In the case of HT-SMAT as shown in Fig 4-17 (b), it can be clearly seen that the cracks are shallower and narrower than those of the HT specimen under the same stress level. This means that a smaller damage zone is formed for HT-SMAT specimen due to the effect of SMAT. A similar phenomenon can be observed in the case of low stress level based on the comparison between Fig 4-17 (c) and (d).

  Fig 4-17 (a) and (c). A similar phenomenon can be found in the case of HT-134 SMAT under high and low stress levels as shown in Fig 4-17 (b) and (d). It could thus be concluded that the fracture morphologies of HT specimens are influenced by the applied stress level, i.e. higher stress tends to promote the initiation of longitudinal cracks.

Fig 4 - 17 .

 417 Fig 4-17. Lateral surfaces of HT specimens (a) and (c), HT-SMAT specimens (b) and (d), under the stress levels of 220 MPa (a) and (b), 170 MPa (c) and (d).
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 434 Fig 4-16 (c). In other words, longitudinal cracks form and propagate first in Stage Ι, and then change to Stage Ⅱ with the direction of 45° to the longitudinal axis due to the promotion effect of maximum principal stress. Thus, under high stress level, longitudinal cracks will grow longer and result in a wider damage zone, as illustrated in Fig 4-18 (a). Within the damage zone, the cracks propagate along the oblique section, and fracture surfaces show fatigue striations. Note that during this process, Mode Ι cracks tend to grow faster than Mode Ⅲ cracks, which thus leads to the formation of 'factory-roof' pattern, as mentioned in Section 4.4.1.2. Therefore, it is the wider damage zone and larger driving force that make the Stage II crack propagation appear.

Fig 4 - 18 .

 418 Fig 4-18. Cracks in torsion fatigue at (a) high stress amplitude and (b) low stress amplitude [63].

Firstly, in the 137 Fig 4 - 19 .

 137419 Fig 4-19. Comparison of the maximum shear direction of specimen under (a) uniaxial and (b) torsional loadings [63].

138 observations

 138 as shown in Fig 4-10. Moreover, the micro-observations shown in Fig 4-14 further demonstrate that longitudinal cracks can be suppressed by SMAT. The effect of SMAT is more obvious in the case of HT material state. Longitudinal cracks are observed in the HT-SMAT specimens under each applied stress level, but they are shallower and narrower than those of HT specimens. Therefore, the size of the damage zone decreases for the HT-SMAT specimens under both high and low stress levels as shown in Fig 4-17. Similar result was reported in the work of Wang et al.[START_REF] Wang | Torsion fatigue behavior of pure titanium with a gradient nanostructured surface layer[END_REF], who suggested that gradient microstructure was generated in pure titanium (Ti) by means of surface rolling treatment (SRT). In their work, the presence of stress gradient is considered to delay the initiation of cracks and lead to the enhanced fatigue life of Ti.

  It is known that fatigue cracks usually grow on the surface of specimen, obeying the direction given by Mode II+III. The growth of longitudinal cracks along the length and the depth direction are controlled respectively by pure Mode II and Mode Ш, as shown in Fig 4-20. It is assumed that the longitudinal cracks are semi-elliptical. The leading edge of the major axis of the semi-elliptical crack is under the condition of Mode II and the edge of the minor axis is under Mode III. Therefore, the stress intensity factors KП and KШ along the semi-elliptical crack front are indicated in Fig 4-20, and the values of KП and KШ for a three-dimensional (3D) crack in an infinite body under shear stress can be expressed as [183][184][185]:

Fig 4 - 20 . 11 , 13 )

 4201113 Fig 4-20. The modes of longitudinal cracks propagation under torsion loading.

Fig 4 -

 4 Fig 4-21. (a) The stress state of SNC Ti under the applied shear stress; (b) the plane stress state on free surface and the Mohr circle of CG Ti and SNC Ti under torsion loading; (c) the comparison of the stress gradient level between SNC Ti and CG Ti under the applied shear stress [165].

Fig 4 - 22 .

 422 Fig 4-22. Under torsion loading, at the elastic stage, both shear stress and shear strain exhibit a linear distribution with the distance from the centre. When the surface region experiences plastic deformation, the distribution of shear strain still keeps a linear relationship, but the shear stress at the surface will be reduced as a result of plastic deformation, as shown in Fig 4-22. Therefore, the stress gradient level of UFG Cu is larger than that of CG Cu near the surface of specimen.

Fig 4 - 22 .

 422 Fig 4-22. The distribution of shear stress and shear strain under torsion loading when the specimen surface region undergoes plastic deformation [151].
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 211 As a matter of fact, the decreased fatigue resistance implies that there is a competition between the detrimental and the beneficial effects of different factors introduced by SMAT, and the detrimental effects are dominant for AM-SMAT specimens under low stress amplitudes. In general, the detrimental effects of SMAT for torsional fatigue are partially similar to those of uniaxial fatigue tests as mentioned in Section 3.4.4. However, the damage mechanism under torsional fatigue loading is different from uniaxial fatigue according to the failure mode observations of AM and AM-SMAT in the low shear stress amplitudes (170 MPa) as shown in Fig 4-23. It can be seen that the micro-cracks are parallel to the specimens axis for both AM and AM-SMAT specimens, indicating that the cracks propagate in Stage I following the direction of the maximum shear stress during the cyclic torsion. Similar to uniaxial fatigue as mentioned in Chapter 3, the presence of shear bands due to grain refinement introduced by SMAT accommodate the majority of plastic deformation, and the level of strain localizations of AM-SMAT specimens should thus be higher than that of the AM specimens. Therefore, a relatively high strain localization level introduced by SMAT may lead to detrimental effects of torsional fatigue properties in low stress levels.

Fig 4 - 23 .

 423 Fig 4-23. Damage morphologies on the lateral surface of AM (a), and AM-SMAT (b), under the shear

Fig 4 - 24 .

 424 Fig 4-24. Appearance of failure mode with maximum shear stress: (a) uniaxial fatigue; (b) torsional fatigue.

  the common failure criteria such as Tresca (𝜏′ 𝑓 = 𝜎′ 𝑓 2 ⁄ ), Mises (𝜏′ 𝑓 = 𝜎′ 𝑓 √3 ⁄ ), and maximum principal stress ( 𝜏′ 𝑓 = 𝜎′ 𝑓 (1 + ) ⁄ ), with  being Poisson's ratio of aluminium (0.33). In this work, the Basquin equation (see Eq. 3-2) of AM specimens subjected to uniaxial fatigue test shown in Chapter 3 (see Fig 3-2) is adopted in order to predict the torsional S-N curves. The predicted S-N curves are compared to torsional fatigue data of AM specimens in Chapter 4 (see black points in Fig 4-1), and the final estimated results of three criteria is given in Fig 4-25.

Chapter 4 : 145 Fig 4 - 25 .

 4145425 Fig 4-25. Fatigue life predictions using three different criteria respectively shown by the green, blue and red curves based on uniaxial fatigue data. Experimental data points obtained through torsional tests are also presented to give a comparison.
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 45147551 According to the failure observations of HT-SMAT specimens, SMAT leads to narrow damage zone on the surface of specimens and therefore results in a decreased number of longitudinal cracks. This phenomenon is related to the higher stress gradient level introduced by SMAT which can hinder the initiation and propagation of longitudinal cracks.5. The cracking mechanism of torsional fatigue tests can be described as follows:the micro-cracks initiate and propagate on the circumferential surface along maximum shear planes (either parallel or perpendicular to the longitudinal axis of the specimens), which is known as Stage I. In Stage II, the cracks change their directions to propagate along maximum principal stress planes (45° to the longitudinal axis) due to the effect of principal stress. However, for AM and AM-SMAT specimens, only Stage I crack growth prevails in the crack propagation under all the stress levels. This is due to the difficulty for torsional fatigue cracks to change their direction from Stage Ι to Stage Ⅱ caused by insufficient principal stress for these specimens.6. A link between uniaxial fatigue and torsional fatigue is established by applying three failure criteria. Among these three criteria, the Von Mises criterion is the best one to predict the torsional fatigue life from experimental axial fatigue S-N data, while the other two criteria will over-estimate or under-estimate the fatigue strength if they are used in fatigue design. Conclusions It has been demonstrated that SMAT is able to generate a gradient microstructure in the near surface region of metallic materials. Meanwhile, the obtained typical features induced by SMAT could have effects on fatigue properties of the treated AA7075 under both uniaxial and torsional loadings. However, the effects of SMAT on the treated AA7075 which undergoes heat treatment are different from of the as-machined state.

  The uniaxial fatigue properties of the AA7075 in the AM and HT states treated by SMAT were investigated in Chapter 3. For the specimens in AM state, SMAT increases fatigue life when the applied stress amplitude is higher than 290 MPa, while SMAT decreases fatigue life when the stress level is lower than 290 MPa. Based on the analyses of Basquin parameters, the detrimental effect of SMAT in low stress region leads to the decrease of the fatigue strength exponent b. This conclusion was also demonstrated by the statistical analyses. The beneficial effects of SMAT in the high stress range are attributed to the crack initiation sites transferring from surface to subsurface according to the fracture surface observations. The surface hardening as well as the compressive residual stresses induced by SMAT are considered as the factors related to this phenomenon. However, the rough surface and micro-cracks generated by SMAT are regarded as detrimental effects that may play a predominant role in the low stress region and lead to a reduction in fatigue life. In addition, the acceleration of crack propagation and the transition of crack sites from slip bands to shear bands due to the grain refinement resulting from SMAT are another detrimental effect that may lead to the decreased fatigue lives in the low stress range.For the specimens in HT state under uniaxial fatigue loading, SMAT enhances the fatigue lives for all the stress levels according to the analyses of the S-N data, Basquin equation parameters and P-S-N curves. The beneficial effects of SMAT lead to the shift of crack initiation sites of HT-SMAT specimens from surface to subsurface under all the stress levels investigated in this work. The cracking process for the uniaxial fatigue tests performed in this work contains Stage Ι and Stage Ⅱ. In Stage Ι, micro-cracks initiate and propagate on the circumferential surface along maximum shear planes (45° to the longitudinal axis of the specimens). In Stage Ⅱ, the cracks change their directions to propagate along Chapter 5: Conclusions and prospects 149 maximum principal stress planes (perpendicular to the longitudinal axis of the specimens) due to the effect of principal stress. The torsional fatigue properties of the AA7075 in different states treated by SMAT were investigated in Chapter 4. For the AM state, SMAT increases the fatigue lives in the high stress range. Unfortunately, the detrimental effect of SMAT results in the decrease of fatigue lives in low stress range, which is reflected by the reduction in fatigue strength exponent b according to the analyses of Basquin equation parameters.

For

  the specimens in HT state under torsional fatigue tests, SMAT enhances the fatigue lives under all the stress levels. According to the failure observations, the beneficial effect of SMAT leads to the suppression of most longitudinal cracks on the circumferential surfaces, which results in higher fatigue resistance of the HT-SMAT specimens. Similar to uniaxial fatigue tests, Stage Ι and Stage Ⅱ are both involved in the torsional failure process. In Stage Ι, the micro-cracks initiate and propagate either parallel or perpendicular to the longitudinal axis of the specimens (maximum shear planes). In Stage II, the cracks change their directions to propagate along 45° to the longitudinal axis of the specimens (maximum principal stress planes) due to the effect of principal stress. However, different from the uniaxial fatigue, it is difficult for cracks of torsional fatigue to change their direction from Stage Ι to Stage Ⅱ. Moreover, the insufficient principal stress of AM/AM-SMAT results in the prolongation of Stage Ι under all the stress levels in our work. Therefore, all the failure appearances of the AM/AM-SMAT specimens are similar to each other due to the fact that only Stage I cracking can be observed.

2. 1

 1 Maté riau et ses diffé rents é tats 2.1.1 Maté riau et é prouvette de fatigue Le matériau étudié dans ce travail est un alliage d'aluminium 7075 à durcissement structurale, soumis à un traitement thermique T6. La composition chimique nominale du maté riau est indiqué e dans Tab.1. La géométrie et les dimensions de l'éprouvette de fatigue sont montrés dans la Fig. 1. Cette éprouvette de fatigue est utilisée pour les essais de fatigue uniaxiale et de torsion effectués dans ce travail. Tab.1. Composition chimique de l'alliage AA7075 é tudié (en % en poids).

Fig. 1 .

 1 Fig. 1. Géométrie et dimensions (en mm) de l'éprouvettes utilisée dans ce travail pour les essais de fatigue uniaxiale et de torsion.
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 15412 Traitement thermique Lors d'améliorer la résistance mécanique, l'allongement à rupture (qui peut représenter la ductilité) de l'alliage AA7075 est souvent limité, ce qui pourrait entraîner un mauvais effet lorsque le maté riau est traité par des techniques de traitement de surface mé canique. Il est donc né cessaire de procé der à un traitement thermique pour cet alliage afin d'obtenir une augmentation de la ductilité . C'est la raison pour laquelle certaines é prouvettes de fatigue ont é té soumises à un traitement thermique de mise en solution (SHT) suivi par un vieillissement thermique. Les conditions du traitement thermique adopté es dans ce travail sont comme suit : la tempé rature est augmenté e jusqu'à 450 °C et maintenue constante pendant 4 heures, suivie d'une trempe à l'eau ; ensuite, le vieillissement est effectué à 185 °C pendant 12 heures. Ce processus est sché matiquement dé crit dans la Fig. 2.
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 2213 Fig. 2. Description sché matique du processus de traitement thermique adopté dans cet travail.
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 31562 Fig. 3. Morphologies de surfaces des é chantillons en diffé rents é tats : (a) AM, (b) Poli, (c) AM-SMAT150, (d) AM-SMAT1000.

Fig. 4 .

 4 Fig. 4. Observation de la microstructure de l'alliage AA7075 en l'é tat de ré ception : (a) section transversale, (b) section longitudinale.

Fig. 5 .

 5 Fig. 5. Images MET du maté riau en é tat AM : (a) vue d'ensemble, (b) vue agrandie de la zone induqé e par le rectangle rouge en (a).

Fig. 6 .

 6 Fig. 6. Images MET du maté riau en é tat HT : (a) vue d'ensemble, (b) vue agrandie de la zone indiqué e par le rectangle rouge en (a).

Fig. 7 .

 7 Fig. 7. Variations de microdureté en fonction de la profondeur pour des é chantillons en diffé rents é tats.

Fig. 8 .

 8 Fig. 8. Courbes de contrainte/dé formation en traction obtenues avec les é prouvettes en diffé rents é tats.

3 .

 3 Effet de SMAT sur les proprié té s de fatigue uniaxiale Dans cette partie, les proprié té s en fatigue uniaxiale des é prouvettes traité es par SMAT (AM-SMAT et HT-SMAT) sont é tudié es en analysant les donné es S-N et les paramètres de l'équation de Basquin obtenus pour diffé rents é tats du maté riau. En outre, les courbes P-S-N sont tracé es afin d'analyser les proprié té s en fatigue du maté riau en tenant compte de la dispersion de donné es. Enfin, les surfaces de rupture sont observé es par microscopie optique numé rique et MEB pour analyser les mé canismes d'endommagement, ce qui permettrait d'expliquer les effets bé né fiques et né fastes induits par SMAT. 3.1 Conditions expé rimentales Des éprouvettes ont été testées sous fatigue de traction-compression symétrique (rapport de charge R = ̵ 1). Les essais ont été réalisés en utilisant une forme d'onde sinusoïdale sous une charge d'amplitude constante à température ambiante avec une fréquence de 20 Hz. Une machine de fatigue de traction-torsion ElectroPuls (fabriquée par Instron) a été utilisée pour effectuer ces essais.3.2 Proprié té s de fatigue uniaxialeLes ré sultats sous forme de courbe S-N obtenus avec les é prouvettes en AM et AM-SMAT sont pré senté s dans la Fig.9(a). On peut constater que lorsque les amplitudes de contrainte appliqué es sont supé rieures à 290 MPa, le nombre de cycles à rupture 𝑁 𝑓 est plus é levé pour AM-SMAT. Cela signifie que dans cette gamme d'amplitudes de contrainte, le SMAT augmente la ré sistance à la fatigue et a donc un effet bé né fique.En revanche, pour les amplitudes de contrainte infé rieures à 290 MPa, l'effet semble ê tre opposé .Les donné es S-N obtenues avec les é prouvettes en HT et HT-SMAT sont pré senté es dans la Fig.9 (b). On peut voir qu'il y a une nette diffé rence entre les deux groupes de points obtenus pour ces é prouvettes en diffé rents é tats. Les é prouvettes en HT-SMAT pré sentent une ré sistance à la fatigue globalement supé rieure à celle des é prouvettes en HT pour tous les niveaux de contrainte é tudié s.

Fig. 9 (

 9 Fig. 9 (a) Graphes S-N pour les é prouvettes en AM et AM-SMAT; et (b) graphes S-N pour les é prouvettes en HT et HT-SMAT. Les courbes correspondantes sont tracé es selon l'é quation de Basquin.

Fig. 10 .

 10 Fig. 10. Relation entre le coefficient de ré sistance à la fatigue 𝜎 𝑓 ′ et l'exposant de ré sistance à la fatigue b pour diffé rents é tats de maté riau dans le cadre d'essais de fatigue uniaxiale.
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 111634 Fig. 11. (a) Comparaison des courbes P-S-N entre les é chantillons AM et AM-SMAT; (b) comparaison des courbes P-S-N entre les é chantillons HT et HT-SMAT.

Fig. 12 .

 12 Fig. 12. Vues d'ensemble de la surface de rupture de AM (a) et (b), AM-SMAT (c) et (d), sous une amplitude de contrainte de 330 MPa (a) et (c), une amplitude de contrainte de 270 MPa (b) et (d), respectivement.

Fig. 13 .

 13 Fig. 13. Vues d'ensemble de la surface de rupture de HT (a)-(c), et AM-SMAT (d)-(f), sous 300 MPa (a) et (d), 260 MPa (b) et (e), 220 MPa ( c) et (f), respectivement.

Fig. 14 .

 14 Fig. 14. Morphologies de surfaces de rupture de AM (a)-(c) et AM-SMAT (d)-(f), sous les contraintes de 330 MPa (a) et (d), 310 MPa (b) et (e), 290 MPa (c) et (f), respectivement.

Fig. 15 .

 15 Fig. 15. Observation de surfaces aprè s la rupture des é chantillons AM-SMAT sous l'amplitude de contrainte de 270 MPa: (a) surface de rupture transversale; (b) surface laté rale observé e depuis la direction de la flè che rouge indiqué e en (a); (c) vue agrandie du cercle rouge indiqué en (b).

Fig. 16 .

 16 Fig. 16. Morphologies de surfaces de rupture de HT (a)-(c) et HT-SMAT (d)-(f), obtenues sous amplitudes de contrainte de 300 MPa (a) et (d), 260 MPa (b) et (e), 220 MPa (c) et (f) respectivement.

3. 4 . 3

 43 Mé canisme de fissuration de la fatigue uniaxialeLe processus de fissuration de fatigue uniaxiale est analysé sur la Fig.17

  .

Fig. 17

 17 

  (a) montre que les micro-fissures apparaissent le long des plans de contrainte de cisaillement maximum, soit 45 ° par rapport à l'axe de chargement. Ceci est conforme au point de vue selon lequel la contrainte de cisaillement maximale favorise l'initiation et la propagation des micro-fissures de fatigue[START_REF] Li | Fatigue cracking and fracture behaviors of coarse-grained copper under cyclic tension-compression and torsion loadings[END_REF][START_REF] Zhang | Dependence of intergranular fatigue cracking on the interactions of persistent slip bands with grain boundaries[END_REF]. De plus, les stries de fatigue qui sont considé ré es comme une caracté ristique du stade II (propagation de fissure), Résumé en français 167 sont observé es dans la ré gion de propagation stable, comme le montre la Fig.17(b).

Fig. 17 .

 17 Fig. 17. (a) Observation par MEB de l'é prouvette rompue : (a) amorç age de fissures de fatigue le long des plans de 45 ° par rapport à l'axe de chargement, et (b) stries de fatigue observé es dans la ré gion correspondant à la propagation stable de fissure.

Fig. 18 .

 18 Fig. 18. Observation de micro-fissures d'un échantillon AM-SMAT sous l'amplitude de contrainte de 270 MPa (a)-(b); (b) correspond à la vue agrandie du cercle rouge indiqué en (a).

Fig. 19 .

 19 Fig. 19. Exemple de morphologie d'endommagement sur la surface circonfé rentielle de AM (a) et AM-SMAT (b) sous la mê me amplitude de contrainte de 280 MPa.

  Fig. 20 (b). On constate qu'il existe une nette diffé rence entre les deux groupes de points correspondant aux é chantillons HT et HT-SMAT. Les é chantillons HT-SMAT pré sentent une ré sistance à la fatigue supé rieure par rapport aux é chantillons HT sous toutes les amplitudes de contrainte é tudié es.

Fig. 20 .

 20 Fig. 20. (a) Graphe S-N des donné es de fatigue de torsion pour les é chantillons AM et AM-SMAT; (b) Graphe S-N pour les é chantillons HT et HT-SMAT. Les courbes S-N construites à partir de l'équation de Basquin sont é galement donné es.

Fig. 21 .

 21 Fig. 21. Relation entre le coefficient de ré sistance à la fatigue 𝜎 𝑓 ′ et l'exposant de ré sistance à la fatigue b pour diffé rents é tats de maté riau testé s sous fatigue en torsion.

4. 3

 3 Analyses statistiques des proprié té s de fatigue de torsionLes courbes P-S-N des donné es de fatigue en torsion sont construites pour diffé rents é tats de maté riau. Les courbes des é chantillons AM et AM-SMAT sont tracé es dans la mê me figure pour comparer (Fig.22 (a)). Les intersections correspondant à une probabilité de rupture de 10%, 50% et 90% peuvent ê tre observé es sous les amplitudes de contraintede 188 MPa, 195 MPa et 197 MPa respectivement. Ces courbes montrent aussi que le SMAT pourrait amé liorer la ré sistance à la fatigue de l'alliage sous contraintes de cisaillement é levé es, et diminuer la ré sistance sous contraintes faibles. Les courbes P-S-N des é chantillons HT et HT-SMAT sont é galement tracé es, comme le montre la Fig. 22 (b). Dans toute la gamme d'amplitudes de contrainte de cisaillement é tudié e dans ce travail, toutes les courbes probabilistes de HT-SMAT sont supé rieures à celles des é chantillons HT. Cependant, l'existence d'une intersection à 110 MPa entre la courbe de 90% de HT et celle de 10% de HT-SMAT signifie qu'en dessous de ce niveau de contrainte, le SMAT ne peut plus amé liorer la ré sistance à la fatigue ou mê me la diminuer.

Fig. 22 .

 22 Fig. 22. Comparaison des courbes P-S-N obtenues sous fatigue de torsion : (a) AM et AM-SMAT; (b) HT et HT-SMAT.

4. 4

 4 Analyse des surfaces de dé faillance 4.4.1 Analyses de macro-fracture Les profils laté raux des é chantillons AM et AM-SMAT rompus par fatigue de torsion sous diffé rents niveaux de contrainte appliqué s ont é té observé s à l'aide de la

Fig. 23 .

 23 Fig. 23. Les profils laté raux des é chantillons en diffé rents é tats : (a)-(c) AM sous amplitudes de contrainte de cisaillement de 240 MPa, 220 MPa, 180 MPa respectivement ; (d)-(f) AM-SMAT sous 240 MPa, 220 MPa, 180 MPa, respectivement ; (g) vue agrandie du rectangle rouge en (d).

  (a) et (d). Cette caracté ristique est due au fait que la fissure croît plus rapidement en Mode I qu'en ModeⅢ, ce qui conduit à la formation du "toit d'usine"[START_REF] Li | Fatigue cracking and fracture behaviors of coarse-grained copper under cyclic tension-compression and torsion loadings[END_REF]. Les surfaces de rupture deviennent planes avec la diminution de l'amplitude de contrainte de cisaillement, comme le montrent les Fig.24(a) et (c). Globalement la surface de rupture est presque perpendiculaire à l'axe de l'é chantillon sous une faible amplitude de contraintede 160 MPa (Fig.24 (c)), et elle semble ê tre assez lisse avec la pré sence de bandes conchoï dales bien visibles.

Fig. 24 .

 24 Fig. 24. Analyse de macro-dé faillance des é chantillons HT : (a) et (d) correspondent à l'amplitude de contrainte de cisaillement de 200 MPa, (b) et (e) correspondent à 170 MPa et (c) et (f) correspondent à 160 MPa.

4. 4 . 2

 42 Analyses de micro-fracturesLes surfaces de rupture des é chantillons AM et AM-SMAT obtenues sous les amplitudes de contrainte de 240 MPa et 170 MPa sont illustré es dans la Fig.25. On peut voir que toutes les surfaces de rupture des é chantillons AM et AM-SMAT ont une apparence plane[START_REF] Benedetti | Multiaxial fatigue resistance of shot peened high-strength aluminum alloys[END_REF]. Selon ce groupe d'images, la petite zone brillante sur chaque surface de rupture correspond à la ré gion de rupture finale. Au lieu de stries de fatigue, on peut observer des traces conchoï dales de frottement dont le centre correspond à la zone brillante. Ces traces de frottement ont é té gé né ré es par le glissement des deux surfaces sé paré es de l'é chantillon sous l'effet de la charge de torsion[START_REF] Nakamura | Fatigue crack initiation and growth behavior of Ti-6Al-4V under non-proportional multiaxial loading[END_REF]. La comparaison des surfaces laté rales entre AM et AM-SMAT sous diffé rentes amplitudes de contrainte est pré senté e dans la Fig. 26. Des fissures longitudinales peuvent ê tre observé es sur les é chantillons AM sous toutes les amplitudes de contrainte appliqué es, comme le montrent les Fig. 26 (a)-(c). On peut constater que la longueur et la largeur de ces fissures longitudinales diminuent avec la diminution du niveau de contrainte de cisaillement, et seules quelques fissures peuvent ê tre observé es sous la plus faible amplitude de contrainte.

Fig. 25 .

 25 Fig. 25. Apparence de surfaces de rupture : (a) (c) AM, et (b) (d) AM-SMAT sous une amplitude de contrainte de cisaillement de 240 MPa (a) (b) et 170 MPa (c) (d).

Fig. 26 .

 26 Fig. 26. Surfaces laté rales des é chantillons dé faillants : AM (a)-(c), et AM-SMAT (d)-(f), obtenus sous amplitudes de contrainte de cisaillement de 240 MPa (a) et (d), 200 MPa (b) et (e), 170 MPa (c) et (f) respectivement.

Fig. 27 .

 27 Fig. 27. Morphologies des surfaces laté rales et transversales des é chantillons HT rompus : (a)-(c) correspondent à 210 MPa, et (d)-(f) correspondent à 170 MPa.

Fig. 28 .

 28 Fig. 28. Morphologies de surfaces laté rales et transversales des é chantillons HT-SMAT : (a)-(c) correspondent à 220 MPa, et (d)-(f) correspondent à 170 MPa.

Fig. 29 . 5 .

 295 Fig. 29. Morphologies de dommages sur la surface laté rale de AM (a) et AM-SMAT (b) sous l'amplitude de contrainte de cisaillement de 170 MPa.
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1.2.1 High cycle fatigue

  

	1.2.1.1 Principle of high cycle fatigue
	Fatigue is a number of cycles-dependent irreversible process of plastic deformation
	when a material is under cyclic loadings. It is a progressive and localized type of
	structural damage. Fatigue is caused by stress with a level lower than the ultimate
	tensile strength or even below the yield strength. According to the number of cycles to

failure, fatigue can usually be divided into high cycle fatigue (HCF) and low cycle fatigue (LCF). LCF is performed under high stress amplitudes with the involvement of plastic deformation, and it produces failure after only a low number of cycles (usually smaller than 10 4 cycles). On the contrary, HCF is conducted under low stress amplitudes and it produces failure after a high number of cycles (greater than 10 4 cycles) usually

  Literature review be explained by fracture mechanics with several stages: crack nucleation or initiation, crack growth or propagation, and ultimate brutal rupture. The fatigue fracture modes are mainly classified into two types depending on the crack growth planes and directions, i.e. Stage I and Stage Ⅱ cracks. Stage I cracks initiate and propagate on the plane of maximum shear stress, including Mode Ⅱ and Mode Ⅲ crack growth. Stage Ⅱ cracks propagate on the plane of maximum principal stress through Mode Ι crack growth mechanism. During crack growth, the plastically deformed zone increases in size until it becomes comparable to the thickness of the specimen. When this occurs,

	Stage II cracking does not last anymore. The crack plane undergoes a deviation, and
	the final rupture occurs, which corresponds to the final rapid crack growth [62].
	While discussing fatigue fracture modes, it is necessary to refer to the roles played
	by shear stress and principal stress, as illustrated in Fig 1-8 [63]. The plastic
	deformation is mainly controlled by dislocation slipping. During cyclic deformation,

1.2.1.2 Damage mechanism Damaging process during fatigue tests includes crack initiation and crack propagation induced by microscopic fracture in the material. The process of fatigue can Chapter 1:
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2. It is worth mentioning that some heat treatments were performed with Chapter 2: Material states and characterization
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5. Content of elements of the inclusion displayed in

Fig 2-11.
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-1. The values in bold indicate where the smallest AD occurred. It can be seen that the Weibull distribution fits the fatigue data best for AM specimens because the smallest AD values of all the stress levels (330, 300 and 280 MPa) are found for Weibull distribution.

Table 3 -

 3 1. Axial fatigue Anderson-Darling (AD) Statistic values for AM specimens.

	Stress	Number of		Anderson-Darling Statistic (AD)	
	amplitude	data	Normal	Exponential	Weibull	Lognormal
	(MPa)					
	330	3	3.770	3.826	3.710	3.724
	300	4	3.330	3.137	3.110	3.190
	280	4	2.604	2.617	2.468	2.472
	While for the AM-SMAT specimens, the Weibull distribution fits fatigue data well
	due to the smallest AD value of Weibull found for the majority of stress amplitudes

(except 290 MPa) chosen in this study, as shown in Table

3

-2. Therefore, Weibull distribution was adopted in the statistical analysis of both AM and AM-SMAT specimens.

Chapter 3: Effect of SMAT on uniaxial fatigue properties

[START_REF] Torres | An evaluation of shot peening, residual stress and stress relaxation on the fatigue life of AISI 4340 steel[END_REF] 

Table 3 -

 3 2. Axial fatigue Anderson-Darling (AD) Statistic values for AM-SMAT specimens.

	Stress	Number of		Anderson-Darling Statistic (AD)	
	amplitude	data	Normal	Exponential	Weibull	Lognormal
	(MPa)					
	330	3	3.682	4.155	3.664	3.691
	305	4	3.033	3.363	2.953	2.976
	290	3	3.656	3.846	3.664	3.691
	280	5	2.604	2.617	2.468	2.472
	270	3	3.774	3.681	3.648	3.654

Table 3 -

 3 3 lists the AD value of each distribution of uniaxial fatigue data for HT specimens under four stress amplitude levels corresponding respectively to 300, 280, 260 and 220 MPa.

Table 3 -

 3 

	Stress	Number of		Anderson-Darling Statistic (AD)	
	amplitude	data	Normal	Exponential	Weibull	Lognormal
	(MPa)					
	300	4	3.010	3.418	2.985	2.988
	280	4	3.025	3.421	3.018	3.025
	260	5	2.731	3.408	2.676	2.719
	220	3	2.5821	2.636	2.561	2.578

3. Axial fatigue Anderson-Darling (AD) Statistic values for HT specimens.

Table 3 -

 3 4. Axial fatigue Anderson-Darling (AD) Statistic values for HT-SMAT specimens.

	Stress	Number of		Anderson-Darling Statistic (AD)	
	amplitude	data	Normal	Exponential	Weibull	Lognormal
	(MPa)					
	300	3	3.818	4.094	3.767	3.809
	260	4	2.958	3.316	2.934	2.949
	220	4	3.047	3.094	3.042	3.065

Table 4 -

 4 1. Anderson-Darling Statistic values for AM specimens under torsional fatigue.

	Stress	Number of		Anderson-Darling Statistic	
	amplitude	data		(AD)		
	(MPa)		Normal	Exponential	Weibull	Lognormal
	240	3	3.654	4.044	3.644	3.654
	220	3	3.703	4.030	3.702	3.731
	200	3	3.657	3.847	3.644	3.659
	180	3	3.918	4.016	3.980	3.922
	170	3	3.771	3.898	3.826	3.826

Table 4 -

 4 2. Anderson-Darling Statistic values for AM-SMAT specimens under torsional fatigue.

	Stress	Number of		Anderson-Darling Statistic	
	amplitude	data		(AD)		
	(MPa)		Normal	Exponential	Weibull	Lognormal
	240	3	3.654	3.873	3.645	3.662
	220	3	3.669	3.840	3.645	3.653
	200	3	3.714	4.032	3.712	3.742
	180	3	3.696	4.003	3.694	3.726
	170	3	3.771	3.898	3.826	3.826

Table 4 -

 4 3 lists the AD values of each distribution of torsional fatigue data for HT condition for four stress amplitude levels corresponding respectively to 220, 200, 180

Table 4 -

 4 3. Anderson-Darling Statistic values for HT specimens under torsional fatigue.

	Stress	Number of		Anderson-Darling Statistic	
	amplitude	data		(AD)		
	(MPa)		Normal	Exponential	Weibull	Lognormal
	220	3	3.858	4.173	3.799	3.857
	200	3	3.653	3.929	3.646	3.663
	180	3	3.818	3.888	3.757	3.794
	160	3	3.763	3.845	3.873	3.857

Table 4 -

 4 4. Anderson-Darling Statistic values for HT-SMAT specimens under torsional fatigue.

	Stress	Number of		Anderson-Darling Statistic	
	amplitude	data		(AD)		
	(MPa)		Normal	Exponential	Weibull	Lognormal
	220	3	3.703	3.936	3.671	3.675
	200	3	3.826	4.111	3.774	3.819
	180	3	3.739	3.781	3.680	3.685

  Les performances amé lioré es grâ ce aux techniques de traitement de surface mé canique sont principalement lié es à la dé formation plastique sans modifiant la composition chimique des maté riaux traites. Les paramè tres gé né ré s par le SMAT Dans la partie où les proprié té s en fatigue de l'alliage AA7075 sont étudiés, les essais de fatigue uniaxiale et de torsion sont effectués. Les résultats sont d'abord pré senté s sous forme de courbe de Wohler (S-N). Pour analyser la dispersion des donné es obtenues, des courbes P-S-N sont construites afin de mieux comprendre les ré sultats des essais de fatigue. Enfin, les observations des surfaces de rupture sont effectué es pour identifier les mé canismes de fissuration et comprendre les effets de SMAT sur l'amélioration ou la dégradation de propriétés en fatigue du matériau.Dans la derniè re partie dé dié e aux conclusions et perspectives, un ré sumé de l'ensemble des travaux est donné , et un aperç u des futures recherches est dé crit.

	1. Introduction
	Les techniques de traitement de surface deviennent un sujet de recherche important,
	car l'optimisation des propriétés de surface peut améliorer de manière efficace la durée
	de vie d'un composant mécanique. Différents procédés de traitement de surface tels que
	le SMAT (surface mechanical attrition treatment) ont été développés dans la littérature
	[14][15]. du SMAT.
	L'objectif de ce travail est d'é tudier les proprié té s en fatigue uniaxiale et en torsion
	d'un alliage d'aluminium 7075 (AA7075) traité par SMAT. Pour ce faire, deux é tats de
	ce maté riau ont é té retenus, et ils correspondent respectivement à l'é tat brut d'usinage
	(AM) et à l'é tat traité thermiquement (HT). La pré sentation de ce travail s'organise
	comme suit :
	Dans la partie dé dié e au maté riau et aux conditions expé rimentales, l'alliage
	AA7075 et la géométrie de l'éprouvette de fatigue sont donnés en premier lieu. Les
	conditions de traitement thermique sont ensuite dé crites. Enfin, la morphologie de la

comprenant une couche superficielle à grains ultrafins, une couche d'écrouissage, et un champ de contraintes ré siduelles de compression dans la zone proche de la surface traité e, parfois avec la une transformation de phase ou du maclage pour certains maté riaux l'ensemble de ces paramè tres constituent une microstructure à gradient dans la ré gion proche de la surface traité e. La microstructure à gradient pourrait avoir des effets importants sur les proprié té s mé caniques des maté riaux. Par consé quent, dans ce travail, des essais de fatigue uniaxiale et en torsion sont effectué s afin d'é tudier les effets surface obtenue, la microstructure et certaines proprié té s de base pour ce maté riau en diffé rents é tats sont pré senté es dans cette partie.

microscopie optique numé rique, comme le montre la Fig.[START_REF] Gao | Experimental investigation and fatigue life prediction for 7475-T7351 aluminum alloy with and without shot peening-induced residual stresses[END_REF]. Dans le cas d'un niveau de contrainte é levé , de nombreuses fissures longitudinales constituent une zone de dommage clairement observé e sur la surface circonfé rentielle de l'é chantillon (Fig.23(a)). Cependant, le nombre de fissures longitudinales diminue avec la diminution de l'amplitude de contrainte (Fig.23 (b)). Enfin, ce type de fissure n'est presque pas pré sent lorsque le niveau de contrainte est faible ( Fig.23 (c)).Pour les é chantillons AM-SMAT soumis à une amplitude de contrainte é levé e, on peut encore observer quelques fissures à la surface (Fig.23 (d)). Toutefois, par rapport aux é chantillons AM soumis au mê me niveau de contrainte (Fig.23 (a)), le nombre de fissures longitudinales est ré duit, comme le montre la Fig.23 (d). De plus, la longueur et la largeur des fissures longitudinales sont é galement ré duites pour les é chantillons AM-SMAT. Ainsi, on pourrait conclure que le nombre de fissures longitudinales diminue avec la diminution de l'amplitude de contrainte pour les é tats AM et AM-SMAT. En outre, il semble que le SMAT pourrait é viter/diminuer la formation de fissures longitudinales dans certains cas.

manque de contrainte principale maximale suffisante qui dé termine le changement de direction de fissuration. Par consé quent, les fissures ne sont susceptibles de se dé velopper que suivant la propagation de stade I, la propagation de fissures en stade II est absente.Dans le cas des é tats de maté riau AM et AM-SMAT, les fissures longitudinales constituent une zone de dommage sur la surface laté rale de l'é chantillon. Le nombre de fissures et leur largeur diminuent avec la diminution du niveau de contrainte, ce qui est similaire aux cas HT et HT-SMAT. Cependant, toutes les surfaces de rupture des é chantillons AM sont assez planes et presque perpendiculaires à l'axe, et seules des traces de frottement plutôt que des stries de fatigue peuvent ê tre observé es sur les surfaces de rupture. Ce phé nomè ne est lié à la difficulté pour les fissures de fatigue en torsion de changer leurs directions de propagation pour passer du stade Ι au stade Ⅱ. 4.4.4 Effet du SMAT sur les proprié té s de fatigue de torsion La pré sence d'un gradient de contrainte est considé ré e comme un facteur bé né fique pour retarder l'apparition de fissures et donc conduire à une meilleure ré sistance à la fatigue. En fait, la relation entre le niveau du gradient de contrainte et la pré sence de fissures longitudinales est inverse [165], c'est-à -dire qu'un gradient de contrainte plus important empê chera l'apparition de fissures de fatigue en torsion. Dans le cas de nos travaux, le niveau de gradient de contrainte des é prouvettes traité es (AM-SMAT et HT-SMAT) devrait ê tre plus é levé que celui des é prouvettes non traité es (AM et HT) en raison de la contrainte ré siduelle de compression et du raffinement de grains gé né ré s par SMAT. Par consé quent, on peut conclure qu'un niveau de gradient de contrainte é levé limitera l'amorç age de fissures et prolongera donc la duré e de vie en fatigue des é prouvettes. Cependant, les effets né fastes du SMAT sur la fatigue en torsion sont similaires à ceux sur la fatigue uniaxiale. Cependant, les mécanismes d'endommagement sous fatigue en torsion sont diffé rents de ceux sous fatigue uniaxiale selon les observations de modes de dé faillance de AM et AM-SMAT obtenus avec faibles amplitudes de contrainte de cisaillement (170 MPa), comme le montre la Fig. 29. On peut voir que les

durée de vie en fatigue lorsque le niveau de contrainte est supérieur à 290 MPa, tandis qu'il diminue la durée de vie lorsque l'amplitude de contrainte est inférieure à 290 MPa.Pour les échantillons HT-SMAT, SMAT augmente la durée de vie pour tous les niveaux de contrainte appliqués dans ce travail. D'une manière générale, les effets bénéfiques du SMAT dans la gamme des contraintes élevées sont attribués aux sites d'amorçage de fissures qui transfèrent de la surface à la sous-surface. Les contraintes résiduelles de compression induites par SMAT sont considérées comme un des principaux facteurs liés à ce phénomène. Cependant, la surface rugueuse et les microfissures générées par SMAT ont des effets néfastes, et elles peuvent jouer un rôle important dans la diminution de la durée de vie en fatigue sous faibles amplitudes de contrainte. En outre, l'accélération de la propagation des fissures et la transition de mode d'amorçage de fissures (des bandes de glissement aux bandes de cisaillement), due au raffinement de grains induit par SMAT, constituent un autre effet néfaste qui peut entraîner une diminution de la durée de vie sous faibles amplitudes de contrainte.Les propriétés de fatigue en torsion des échantillons AM et HT traités par SMAT ont été étudiées dans la dernière partie. Pour les échantillons AM-SMAT, SMAT augmente la durée de vie en fatigue lorsque l'amplitude de contrainte appliquée est supérieure à 200 MPa, tandis qu'il la diminue lorsque l'amplitude de la contrainte est inférieure à 200 MPa. Pour les échantillons HT-SMAT, SMAT augmente la durée de vie sous tous les niveaux de contrainte appliqués dans ce travail. Il a été constaté qu'un niveau élevé de gradient de contrainte peut jouer un rôle de suppression/diminution des fissures longitudinales. La présence d'un gradient de contrainte élevé induit par SMAT est donc considérée comme un effet bénéfique du SMAT et améliore par conséquent les durées de vie en fatigue. En outre, la transition de mode de fissuration (des bandes de glissement aux bandes de cisaillement), due au raffinement de grains engendré par SMAT, est un facteur néfaste du SMAT dans la gamme de faibles amplitudes de contrainte.Malheureusement, il reste encore de nombreuses questions à lever en raison du temps limité . La ré sistance à la traction de l'alliage a é té é tudié e dans ce travail, tandis

que sa ré sistance à la torsion dans diffé rents é tats doit é galement ê tre analysé e. D'ailleurs, les billes utilisées dans ce travail pour traiter tous les é chantillons sont é ventuellement un autre facteur à é tudier, car les billes en acier peuvent introduire des impureté s et polluer la zone proche de la surface de maté riau. D'autres essais de fatigue sous amplitudes de contrainte plus faibles doivent ê tre effectué s afin d'é tudier plus en dé tail les proprié té s de fatigue des é prouvettes HT-SMAT. Enfin, outre la fatigue uniaxiale et celle en torsion, les effets du SMAT sur les proprié té s de fatigue biaxiale sont é galement inté ressants et doivent ê tre é tudié .
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Appendix

Two-parameter Weibull is most popular distributions for analysing fatigue data because it has a nice distribution function, survival function and hazard function. The probability density function of Weibull is defined as:

where N0, Na and b are the three parameters to descript the Weibull distribution. Among these parameters, N0 is the low limit of fatigue life. Na is parameter to reflect the scatter of fatigue data which is named as scale parameter. The shape of curve is indicated by b, which is named as shape parameter.

If only care about the probability before the failure, the definition is shown as

If make x=(N-N0)/(Na-N0), the function (A-2) will transfer into: where N is the measured fatigue life, F(N) is the cumulative failure probability at N.

Formula (A-4) could be change to: After rearrangement and taking the natural logarithm twice, (A-5) is given by:

It could be seen from equation (A-6) that there is a linear relationship between lnln[1-F(N)] -1 and ln(N-N0), and the test data could be plotted as a straight line on Weibull