Titre : Effets des nanoparticules sur l'évolution de la microstructure et de la texture cristallographique des deux alliages à base d'Aluminium Mots clés : Alliage Al-Sc, Composite Al-TiB2, Nanoparticules, Laminage à froid, Microstructure, Texture cristallographique Résumé : Les effets des nanoparticules (cisaillables et non-cisaillables) sur l'évolution microstructurale et l'évolution de la texture cristallographique de deux alliages à base d'aluminium après laminage à froid ont été étudiés dans cette thèse. Un alliage Al-Sc contenant des nanoparticules cisaillables de Al3Sc et un composite Al-TiB2 contenant des nanoparticules noncisaillables TiB2 sont étudiés. La microscopie électronique en transmission (MET), la diffraction d'électrons rétrodiffusés (EBSD) et l'analyse de la texture par la diffraction de neutrons sont utilisées pour caractériser le développement de la microstructure et la texture cristallographique lors du laminage à froid des 2 alliages. La restauration dynamique pendant laminage a été inhibée dans la matrice contenant des Al3Sc nanoparticules cisaillables et TiB2 non-cisaillables. Par conséquent, peu de cellules de dislocations ont été générées dans la matrice, ce qui limite la diminution de la taille des grains. Le développement de la texture de laminage est retardé par les nanoparticules cisaillables ou les particules non-cisaillables. Des bandes d'orientation cube résiduelles se trouvent dans les matériaux contenant des particules cisaillables dans une matrice très déformée en raison de la limitation du glissement croisé. La réduction de la fraction volumique des composantes de texture de laminage se produit dans les matériaux contenant de grandes particules non-cisaillables (de l'ordre d'un micromètre) en raison de la recristallisation dans les PDZs (Particle Deformation Zones), ce qui contribue également à la diminution des tailles de grains. De plus, le cisaillement de nanoparticules favorise le glissement plan, ce qui conduit à une forte localisation des déformations et à l'apparition de bandes de cisaillement. La génération de bandes de cisaillement dépend de l'orientation du grain et est dû au changement soudain des chemins de déformation et à l'inhibition de la restauration dynamique. Les nanoparticules non cisaillables ont probablement pivoté avec la matrice environnante, ce qui pourrait constituer un nouveau mécanisme de déformation.

Title : Effects of nanoparticles on the microstructure and crystallographic texture evolution of two Aluminium-based alloys Keywords : Al-Sc alloy, Al-TiB2 composite, Nanoparticles, Cold rolling, Microstructure, Crystallographic texture Abstract : The effects of shearable and non-shearable nanoparticles on the microstructure and crystallographic texture evolution of two Al-based alloys after cold rolling have been studied in this thesis. An Al-Sc alloy containing shearable Al3Sc nanoprecipitates and Al-TiB2 composite containing non-shearable TiB2 nanoparticles are investigated, respectively. Transmission electron microscopy (TEM), electron backscatter diffraction (EBSD) and neutron diffraction texture analysis are employed to characterize the microstructure and texture development of the two alloys during cold rolling. Dynamic recovery has been inhibited in the matrix containing both shearable (Al3Sc) and non-shearable (TiB2) nanoparticles due to the pinning effects. Hence, few dislocation cells are generated in these matrices that impedes the grain refinement. The development of rolling texture is retarded by either shearable nanoprecipitates or non-shearbale particles. Obvious residual Cube orientation bands are found in materials containing shearable precipitates at the deformed states due to the limitation of cross-slip. Volume reduction of rolling texture components occurs in materials containing large non-shearable particles (about 1 micrometer) due to the recrystallization at PDZs (Particle Deformation Zones), which contributes to grain refinement. In addition, the shearing of nanoprecipitates promotes planar slip leading to strong strain localization and the occurrence of shearbands. The generation of shearbands is orientation dependent and results from the sudden change of deformation paths and inhibition of dynamic recovery. The non-shearable nanoparticles probably have rotated together with the surrounding matrix, which could be a new deformation mechanism.

Chapter 1 General Introduction

Aluminium alloy has been one of the dominant structural materials in the modern industry for decades. In virtue of its low density, remarkable corrosion resistance and abundant reserves, it has been extensively applied in aerospace, transportation and building industries. Al alloys are generally classified into different series according to the alloying elements, and each series owns its specific merits and applications. Among the traditional Al alloys, the 7000 series Al alloys can be treated to obtain the highest strength, around 700 MPa [START_REF] Zhao | Microstructures and mechanical properties of ultrafine grained 7075 Al alloy processed by ECAP and their evolutions during annealing[END_REF]).

However, the advances in aerospace engineering have proposed more rigorous requirements on the weight-strength ratio of the structural materials. In recent decades, several materials have emerged as strong competitors of Al alloys. For example, fiber-reinforced plastics can obtain significant weight reduction and higher strength as compared to Al alloys, but its applications are limited by the high cost, poor flexibility and brittleness of fibers [START_REF] Bakis | Fiber-Reinforced Polymer Composites for Construction-State-of-the-Art Review[END_REF]. Titanium alloys have higher strenlgths but they are much heavier than Al alloy; in contrast, magnesium alloys are lighter but also weaker than Al alloy. Given these competitors having their own advantages and disadvantages, it is essential to develop more competitive Al alloys with enhanced properties.

The methods to improve the mechanical properties of Al alloys are generally carried out in the following ways. First is optimizing the compositions and microstructures of Al, such as introducing solute atoms and precipitates to promote solid solution hardening and precipitation hardening or adding second-phase reinforcement to fabricate Al matrix composites. Usually, the next step is further strengthening these alloys through work hardening, which is a consequence of plastic deformation and contributes to grain refinement. Fig. 1.1 shows the typical stress-strain curve of an elastoplastic sample under uniaxial loading. When the stress reaches the initial yield point, the deformation transforms from elastic to plastic, and the plastic deformation develops until the tensile strength and then fracture are reached. The methods to optimize the compositions and microstructures of alloys are aiming at increasing the initial yield points. The work hardening is carried out at the plastic deformation stage. Unloading the stress when the stress exceeds the initial yield stress and reaches σy', then the new yield strength of the deformed materials is increased to σy' (Fig. 1.1). The solid solution hardening is resulting from the interactions between dislocations and atoms. It increases the initial yield strength through two mechanisms: the size misfit between solute atoms and matrix atoms generate a strain field around the atoms, and the different binding forces between the solute atoms and matrix atoms create a hard or soft spot in the matrix [START_REF] Ryen | Strengthening mechanisms in solid solution aluminum alloys[END_REF]. Precipitates hardening effect is realized by the impeding of dislocation movements through different interaction mechanisms. The mechanisms are including: chemical strengthening arising from the new matrix-precipitate interface occurring after the dislocation shearing through the precipitates; stacking fault strengthening and modulus hardening due to the different phases of precipitates and matrix; coherency strengthening resulting from the elastic interactions between the strains field of coherent precipitates with dislocation [START_REF] Ardell | Precipitation hardening[END_REF]. The Al matrix composites (AMCs) combine the merits of both matrix and reinforcements to obtain enhanced properties like elastic modulus, tensile strength, hardness and wear resistance. Fibers, whiskers, and particulates are usually used as reinforcements [START_REF] Surappa | Aluminium matrix composites: Challenges and opportunities[END_REF].

In recent decades, considerable research attention has been paid to Al alloys with coherent Al3M trialuminide precipitates with a cubic L12 crystal structure, as the Al3M-type precipitates have variety of merits like low density, high melting point, high elastic modulus, and are usually stable with Al [START_REF] Noble | Precipitation Characteristics of Aluminium-Lithium Alloys[END_REF], Røyset et al. 2005[START_REF] Knipling | Criteria for developing castable, creep-resistant aluminum-based alloys -A review[END_REF]. They are ideal candidates for structural materials with high strength and high-temperature stability.

Among them, Al-Sc alloys are outstanding due to the low solubility of Sc and the thermal stability of Al3Sc precipitates. Besides, an enormous amount of research has also been devoted to the development of particle reinforced Al matrix composites (PAMCs). They have not only the enhanced properties of AMCs described above but also many advantages over other AMCs such as low cost of fabrication, inherent with heat and resistance properties and improved abrasion resistance (Maity et al. 1993, Lü et al. 2001, Kumar et al. 2007[START_REF] Veeresh Kumar | Mechanical and Tribological Behavior of Particulate Reinforced Aluminum Metal Matrix Compositesa review[END_REF], Baazamat et al. 2015). As can be seen, the Al3M-type precipitates Al alloys and the particles in PAMCs are two kinds of particles having strengthening effects on the Al matrix.

The strengthening effects result from the interactions between dislocations and particles, but different interactions would occur in these two materials due to the different characters of particles. It is of interest to investigate the different interactions and the different effects of particles during the plastic deformation process.

Figure 1.2 a) Sketch of dislocation bypassing the non-shearable particles by Orowan looping (Humphreys et al. 2004); b) dislocation go through and shear off the shearable particle (Gladman 1999) Generally, the interactions between particles and dislocations are conducted in two manners: one is dislocation bypassing of the particles via Orowan mechanism; another is the dislocation slip through and shear off the particles (Gladman 1999). These two behaviours are illustrated in Fig. 1.2. The Orowan looping generally happens in materials containing large non-shearable particles (>1μm). The shearing behaviour usually occurs in alloys containing small shearable particles or precipitates (<1μm). With the development of Al materials, more kinds of particles in nano-size with different morphologies and distributions have been introduced, such as the homogeneously dispersed nano-precipitates in Al-Sc alloys, or heterogeneously distributed ceramic particles with nano-sized diameter but non-shearable in Al matrix composites. The homogeneously dispersed Al3Sc nanoprecipitates in Al-Sc alloys avoid the drawback of heterogeneous particles distribution and provide a good template for us to investigate the effects of precipitates during plastic deformation. In addition, the effects the heterogeneous distribution of nanoparticles on the dislocation movement and microstructure evolution in Al matrix composites are lacking intensive investigation. Therefore, two materials with the simplest compositions, Al-0.2wt.%Sc alloy and Al-5wt.%TiB2 composite, are studied in this thesis to investigate the effects of nanoparticles with different characters during plastic deformation. They represent the two most promising Al-based alloys, new generation Al alloys and Al matrix composites, respectively. The simple composition of the two materials is designed to avoid the impacts of other factors such as solute atoms or other compounds.

The movement of dislocations and interactions between dislocations and nanoparticles result in considerable changes in microstructure and texture, which will affect the properties of materials significantly. Hence, the microstructure and texture evolution of two materials after cold rolling has been intensively studied in this thesis in order to reveal the effects of different nanoparticles. Transmission electron microscopy (TEM), electron backscatter diffraction (EBSD) and neutron diffraction texture analysis are employed to characterize the deformed materials. Chapter 2 is the literature review about the Al-Sc alloys, Al-TiB2 composites, mechanism of plastic deformation and the microstructure and texture evolution of Al alloys after cold rolling. Chapter 3 introduces material processing procedure and characterization methods. Chapter 4-7 are four articles published or in submission based on the work of this thesis. Chapter 4 and 5 [START_REF] Dan | Cube orientation bands observed in largely deformed Al-Sc alloys containing shearable precipitates[END_REF]) demonstrate the deformed microstructure and texture development of Al-Sc alloys containing shearable Al3Sc nano-precipitates. Cross slip is inhibited as the Al3Sc precipitates are sheared off by dislocations to form planar slips. The densely distributed Al3Sc precipitates with interspacing smaller than 100nm have also suppressed the dynamic recovery of dislocations. The occurrence of shear bands is promoted in alloys containing shearable Al3Sc nanoprecipitates due to strain localization and the inhibition of dynamic recovery. A mechanism of occurrence of shear bands has also been discovered to arise from the sudden deformation path change. In addition, residual Cube orientation bands are observed in Al-Sc alloys containing shearable Al3Sc nanoprecipitates after cold rolling to 95% thickness reduction, which is considered due to the inhibition of crossslip resulting in the retardation of rolling texture development. Chapter 6 (Dan et al. 2017) and Chapter 7 [START_REF] Dan | Cold rolling texture evolution of TiB2 particle reinforced Al-based composites by Neutron Diffraction and EBSD analysis[END_REF] investigate the effects of non-shearable TiB2 nanoparticles on the microstructure and texture evolution of Al-TiB2 composites after cold rolling. The majority of TiB2 particles is agglomerated along grain boundaries forming particle-clusters (around 1-2μm) and the remaining particles (around 100nm) are dispersed inside the grains. The particleclusters are found to accelerate local grain refinement as a result of the rapid aggregation of high-density dislocations around them. Plenty of recrystallization nuclei are generated in the plastic deformation zones (PDZs) around particle-clusters that leads to a significant reduction of rolling texture. Besides, the dispersed non-shearable TiB2 nanoparticles are observed to reduce the generation of high angle grain boundaries by the suppression of dynamic recovery.

The grain boundary movements are impeded by these TiB2 nanoparticles. Besides, individual TiB2 nanoparticles are also observed to rotate together with the surrounding Al matrix during cold rolling. Chapter 8 is the conclusion and comparison of different effects of nanoparticles during deformation and the prospect of future work.

Chapter 2 Literature Review

Particle strengthened Al-based alloys

As one of the most significant metals in modern industry, Al has been widely applied in various fields since its first commercial development more than 100 years ago. Its most crucial application is utilized as a lightweight structural material for aerospace engineering. Nowadays, the traditional Al alloys are challenged by other competitive materials, such as titanium alloys, magnesium alloys or other composites.

Since the applications of these competitive materials have also been limited by their disadvantages, it is of opportunity to improve the properties of Al alloys by developing new Al alloys and Al-based composites. In recent decades, the Al-Sc alloy is an emerging research area in the field of Al alloys due to their excellent properties and promising applications in the aerospace field. Besides, PMACs have also been extensively studied and applied thanks to their low cost, lightweight and enhanced mechanical properties. In situ nano TiB2 particle reinforced Al matrix composite is an outstanding candidate among the PMACs. Since both Al-Sc alloy and Al-TiB2 composite are strengthened by small particles in which small Al3Sc precipitates are shearable and TiB2 particles are non-shearable, it is of interest to investigate these two typical novel Al-based materials at the same time in order to compare the influences of shearable and non-shearable particles.

Al-Sc Alloys

Dilute Al-Sc alloys exhibit excellent mechanical properties due to the existence of elastically hard and coherent dispersed Al3Sc nanoprecipitates that can be obtained at a high density. These densely distributed nanoprecipitates effectively inhibit the movement of dislocations and contribute to grain refinement which results in a significant properties improvement at room temperature [START_REF] Willey | Aluminum scandium alloy[END_REF], Seidman et al. 2002, Knipling et al. 2011). In addition, the Al-Sc alloys have high-creep resistance: the creep threshold stress increases with increasing the precipitate size, which makes it an excellent candidate of structural materials at elevated temperatures [START_REF] Fuller | Creep properties of coarsegrained Al(Sc) alloys at 300°C[END_REF][START_REF] Harada | Creep properties of Al3Sc and Al3(Sc, X) intermetallics[END_REF]. Furthermore, as the density of scandium is only 11% higher than aluminum, the density of Al-Sc alloys is almost as low as pure aluminum. Therefore, it is of great interest to investigate the microstructure of Al-Sc alloys especially the behaviors of Al3Sc nanoprecipitates as they are closely associated with the mechanical properties of Al-Sc alloys.

The Al3Sc phase in aluminum

Employing scandium as an alloying element in aluminum has irreplaceable advantages due to its low solubility in aluminum. As shown in the solvus line of Sc in Al reported by Røyset et al. (Fig. 2.1) (Røyset et al. 2005, Røyset et al. 2005), the maximum solubility of Sc in Al is about 0.38 wt.% which favors the precipitation of intermetallic compounds. According to the Al-Sc phase diagram, four equilibrium intermetallic compounds will be formed by these two elements: Al3Sc, Al2Sc, AlSc and AlSc2 (J. Røyset et al. 2005). The one in thermodynamic equilibrium with Al is Al3Sc.

The Al3Sc phase presents an atomic arrangement of L12, which is a cubic structure similar to face-centered cubic (fcc) with Sc atoms on the corners and Al atoms on the faces centers (Fig. 2.2). The Al3Sc has a low density of 3.03 g•cm -1 and a high perieutectic melting point of approx.1320℃. These excellent properties make Al-Sc alloy a competitive candidate for lightweight structural materials and high-temperature materials (Seidman et al. 2002, Knipling et al. 2011). The lattice mismatch between Al3Sc precipitates and Al is approx. 0.5% and 1.25% at 659 ℃ and room temperature, respectively. As a result, the Al3Sc nanoprecipitates keep coherent with the Al matrix and are very stable with respect to coarsening until the radius reeaches 15-40nm [START_REF] Touloukian | Thermal expansion: metallic elements and alloys[END_REF], Iwamura et al. 2004, J. Røyset et al. 2005). Different morphologies of Al3Sc precipitates could be expected, such as spherical, star, cauliflower or cubical shaped. Besides, the size of Al3Sc, ranging from 5nm to 40nm, can also be easily designed by regulating the aging conditions and contents of Sc as the precipitate size increases with increasing Sc concentration, annealing time and temperature [START_REF] Drits | The effect of solution treatment on the aging processes of Al-Sc alloys[END_REF][START_REF] Marquis | Nanoscale structural evolution of Al3Sc precipitates in Al(Sc) alloys[END_REF][START_REF] Novotny | Precipitation of Al3Sc in binary Al-Sc alloys[END_REF], Seidman et al. 2002). With the increasing of Al3Sc precipitate size, the hardening mechanism of precipitates changes from shearing mechanism to Orowan strengthening and the coherent relationship between Al3Sc and matrix gradually disappears. This character makes Al-Sc as an ideal prototype to investigate the changes of effects of dispersed particles with different sizes and densities on the microstructure evolution of materials (Jones et al. 2003, Iwamura et al. 2004, Apps et al. 2005[START_REF] Ferry | Continuous and discontinuous grain coarsening in a fine-grained particle-containing Al-Sc alloy[END_REF]. 2.4), during solidification, the Al3Sc could form at the eutectic temperature in the melt (Røyset et al. 2005). Owing to the coherent lattice between Al matrix and Al3Sc phase, the interface of two phases favors the nucleation of α-Al during solidification, thus promoting the grain refinement in the as-cast metals [START_REF] Norman | The solidification behaviour of dilute aluminium-scandium alloys[END_REF]. This property makes the scandium to be an excellent grain refiner for Al alloys. It has also been reported that the addition of Ti into Al-Sc alloys can further encourage the grain refinement as the addition of Ti would increase the nucleation efficiency and Al-Sc-Ti undergoes a peri-eutectic reaction which could sharpen the onset of nucleation [START_REF] Hyde | The effect of Ti on grain refinement in Al-Sc alloys[END_REF]. 

b. Thermal stability

The Al3Sc precipitates between 300-500 ℃ and dissolves at higher temperature. A report has indicated that the Al3Sc precipitates are temperature stable precipitates which can survive heat treatment at 520°C without dissolving [START_REF] Chen | Effect of solution treatment on precipitation behaviors and age hardening response of Al-Cu alloys with Sc addition[END_REF]. Since the typical thermomechanical processes of Al alloys are also carried out between 300 ℃ and 500 ℃, the Al3Sc precipitates remains rather stable during these processes. The Al3Sc precipitates were observed to resist the recrystallization of the alloy due to Zenerdrag action [START_REF] Willey | Aluminum scandium alloy[END_REF], which contributed to the preservation of the deformed grain/subgrain structures and then improved the mechanical properties of Al-Sc alloys.

Besides, the inhibition of grain recrystallization can be further increased in Al-Sc-X system with the observation that the recrystallization was suppressed in Al-Mg alloys containing Al3(ScXZr1-X) precipitates even when annealed at 520°C for 8 h [START_REF] Ocenasek | Resistance to recrystallization due to Sc and Zr addition to Al-Mg alloys[END_REF]. Generally, the recrystallization can only occur when the precipitates loses coherency.

c. Precipitation hardening

The precipitation hardening at room temperature is depending on the interactions between Al3Sc nanoprecipitates and dislocations. For small Al3Sc precipitates sheared by dislocations, the elastic coherency strain, anti-phase-boundary energy and modulus mismatch between the matrix and precipitates contribute to the hardening effect [START_REF] Parker | The effect of small additions of scandium on the properties of aluminium alloys[END_REF], Seidman et al. 2002). For non-shearable Al3Sc precipitates with a larger size, the Orowan-mechanism with dislocation looping around precipitates would promote the strengthening [START_REF] Torma | Hardening mechanisms in Al-Sc alloys[END_REF]).

The hardness increase in Al-Sc alloys is dependent on the scandium concentration and aging conditions (Fig. 2.5a). As shown in Fig. 2.5a, the incubation time decreases and the peak stress increases with the increase of Sc concentration. After reaching the peak stress, a stress plateau occurs. Certainly, the varied hardnesses of Al-Sc alloys with different Sc concentration and aging time arise from different precipitate sizes. Fig. 2.5b shows the increase in hardness resulting from Al3Sc precipitates as a function of precipitate sizes. As shown, the maximum increase in hardness is obtained for radii between 1.5 and 2.0 nm. This range is considered close to the transition radii of precipitate in which situation the hardening mechanism transforms from shearing mechanism to Orowan mechanism (Seidman et al. 2002). The peak stress yields from the combination of the two deformation modes with neither of them dominating [START_REF] Deschamps | Influence of predeformation and agEing of an Al-Zn-Mg alloy -II. Modeling of precipitation kinetics and yield stress[END_REF]. (r=5.9 nm). (Seidman et al. 2002) Moreover, the Al-Sc-X system with an additional alloy element X forming a new phase Al3(Sc, X) can further optimize the mechanical properties. For instance, precipitates with higher stability can be obtained by adding Zr and more effective grain refinement can be gained by adding Ti or Mg to the Al-Sc system [START_REF] Furukawa | Influence of magnesium on grain refinement and ductility in a dilute Al-Sc alloy[END_REF][START_REF] Hyde | The effect of Ti on grain refinement in Al-Sc alloys[END_REF][START_REF] Lee | Influence of scandium and zirconium on grain stability and superplastic ductilities in ultrafine-grained Al-Mg alloys[END_REF][START_REF] Fuller | Mechanical properties of Al(Sc,Zr) alloys at ambient and elevated temperatures[END_REF][START_REF] Harada | Thermal expansion of Al3Sc and Al3(Sc0.75X0.25)[END_REF], Knipling et al. 2011). Furthermore, introducing Sc alloying element to conventional aluminum alloys has also been broadly developed to obtain improved properties [START_REF] Willey | Aluminum scandium alloy[END_REF][START_REF] Yin | Effect of minor Sc and Zr on the microstructure and mechanical properties of Al-Mg based alloys[END_REF][START_REF] Kendig | Strengthening mechanisms of an Al-Mg-Sc-Zr alloy[END_REF][START_REF] Charit | Low temperature superplasticity in a friction-stirprocessed ultrafine grained Al-Zn-Mg-Sc alloy[END_REF][START_REF] Senkov | Precipitation of Al3(Sc,Zr) particles in an Al-Zn-Mg-Cu-Sc-Zr alloy during conventional solution heat treatment and its effect on tensile properties[END_REF][START_REF] De Luca | Mechanical properties and optimization of the aging of a dilute Al-Sc-Er-Zr-Si alloy with a high Zr/Sc ratio[END_REF].

Therefore, due to the numerous advantages of Al3Sc precipitates like grain refinement, thermal stability and excellent hardening effects, Al-Sc alloys have emerged as one of the most promising new Al alloys nowadays. In addition, the introduction of scandium to aluminum can lead to the uniform formation of coherent, spherical and highly stable nanosized Al3Sc precipitates, while their size has a narrow distribution and can be easily modified through thermal treatment. Therefore, the Al-Sc alloy is chosen as a prototype in this work to investigate the effects of nanoprecipitates on the microstructure evolution of alloys.

Particle reinforced Al matrix composites

In situ particle reinforced metal matrix composites

Apart from the precipitate hardening, introducing second-phase particles into alloy matrix to form particle reinforced metal matrix composites (P-MMCs) is another widely used strategy to enhance the mechanical properties of materials. P-MMCs with lighter weight can provide superior strength and stiffness like other metal matrix composite (MMC). Besides, its lower cost, isotropic properties and the capability to be processed under similar technologies as those used for traditional materials make the P-MMC one of the most promising structural materials (Tjong et al. 1999[START_REF] Chawla | Mechanical Behavior of Particle Reinforced Metal Matrix Composites[END_REF], Cavaliere 2005[START_REF] Tjong | High cycle fatigue response of insitu Al-based composites containing TiB2 and Al2O3 submicron particles[END_REF][START_REF] Ye | A tri-modal aluminum based composite with super-high strength[END_REF][START_REF] Das | Abrasive wear of zircon sand and alumina reinforced Al-4.5 wt%Cu alloy matrix composites -A comparative study[END_REF], Kumar et al. 2008[START_REF] Li | Investigation of aluminum-based nanocomposites with ultrahigh strength[END_REF], El-Kady et al. 2014[START_REF] Wang | Mechanical properties of in situ TiB2/A356 composites[END_REF], Wu et al. 2014, Baazamat et al. 2015). However, one of the major problems of P-MMC is the thermodynamic instability of the ceramic particles with the matrix. In situ fabrication method has been regarded as one of the most significant techniques since it can efficiently avoid this thermodynamic instability phenomenon compared to other techniques like spray deposition, powder metallurgy etc. [START_REF] Sahoo | Analysis of in situ formation of titanium carbide in aluminum alloys[END_REF], Gotman et al. 1994, Tee et al. 1999, Lü et al. 2001[START_REF] Tjong | High cycle fatigue response of insitu Al-based composites containing TiB2 and Al2O3 submicron particles[END_REF][START_REF] Emamy | Formation of TiB2 particles during dissolution of TiAl3 in Al-TiB2 metal matrix composite using an in situ technique[END_REF], Kumar et al. 2007[START_REF] Wang | Mechanical properties of in situ TiB2/A356 composites[END_REF]. In situ P-MMCs can be more cost effective due to the reduction of processing steps and the avoidance of introducing other reinforcements.

Besides, more homogenously distributed particles could be obtained during the in situ chemical process of in situ fabrication, which results in improved mechanical behaviors.

In situ TiB2 particle reinforced Al matrix composites

Plenty of investigations on particle strengthened Al matrix composites (PAMCs) have been carried out including the particles such as TiB2, Mg2Si, TiC, Al2O3 etc. [START_REF] Sahoo | Analysis of in situ formation of titanium carbide in aluminum alloys[END_REF], Maity et al. 1993, Gotman et al. 1994[START_REF] Pan | Microstructural study of the interface reaction between titania whiskers and aluminum[END_REF][START_REF] Lakshmi | In situ preparation of TiB2 reinforced Al based composites[END_REF], Tee et al. 1999, Tjong et al. 1999[START_REF] Zhang | Microstructural refinement in Al-Mg2Si in situ composites[END_REF], Zhang et al. 2000, Lü et al. 2001, Kumar et al. 2007). These PAMCs have been widely applied in automotive, aerospace and transportation industries due to their high elastic modulus, high strength and improved wear resistance. Among these PAMCs, the in situ fabricated TiB2 particle reinforced Al matrix composite is an outstanding candidate as TiB2 shows prominent features like high hardness (960HV), high melting point (2790 ℃ ), high elastic modulus (5.3×10 5 GPa) and also good thermal stability [START_REF] Wang | Interfaces in XD processed TiB2/NiAl composites[END_REF][START_REF] Wood | Properties of reactively cast aluminium-TiB2 alloys[END_REF], Gotman et al. 1994, Nan et al. 1996[START_REF] Lakshmi | In situ preparation of TiB2 reinforced Al based composites[END_REF], Tee et al. 1999, Tjong et al. 1999, Lü et al. 2001[START_REF] Tjong | High cycle fatigue response of insitu Al-based composites containing TiB2 and Al2O3 submicron particles[END_REF][START_REF] Emamy | Formation of TiB2 particles during dissolution of TiAl3 in Al-TiB2 metal matrix composite using an in situ technique[END_REF], Kumar et al. 2008[START_REF] Sivaprasad | Study on abrasive and erosive wear behaviour of Al 6063/TiB2in situ composites[END_REF][START_REF] Natarajan | Sliding wear behaviour of Al 6063/TiB2 in situ composites at elevated temperatures[END_REF][START_REF] Ramesh | Development of Al 6063-TiB2 in situ composites[END_REF][START_REF] Suresh | Aluminium-Titanium Diboride (Al-TiB2) Metal Matrix Composites: Challenges and Opportunities[END_REF][START_REF] Wang | Mechanical properties of in situ TiB2/A356 composites[END_REF], Tang et al. 2015).

The stress-strain curve of Al-4wt.%Cu matrix reinforced by TiB2 particles with different concentrations are shown in Fig. 2.7 (Lü et al. 2001). It is shown that the introduction of TiB2 particles has importantly increased the strength of the matrix but also reduced the ductility. Similar results have also been found in other studies that the increase of TiB2 content would contribute to the improvement of tensile strength and hardness, but lead a reduce of ductility, as shown in Table 2. 1 and Fig. 2.8 (Tjong et al. 1999). Besides, significant increase of wear resistance have also been observed in TiB2 particle reinforced Al alloys. Fig. 2.9 shows the wear resistance as a function of TiB2 content in Al 6063 alloys as well as the applied normal load [START_REF] Natarajan | Sliding wear behaviour of Al 6063/TiB2 in situ composites at elevated temperatures[END_REF]).

The load is with a fixed sliding speed of 400 rpm for 20 min. It can be seen that the wear resistance of the composites increases with the particle content increasing. Besides, the influence of TiB2 particles on the wear resistance is much more important at lower load. wear resistance of Al-TiB2 composites as a function of applied normal load. [START_REF] Natarajan | Sliding wear behaviour of Al 6063/TiB2 in situ composites at elevated temperatures[END_REF] In addition, the TiB2 particles presents certain merits that makes them an ideal reinforcement in the Al matrix composites. First, the TiB2 particles do not react with the molten Al matrix, hence eliminating the formation of any reaction compound at the interface between particles and matrix [START_REF] Wang | Interfaces in XD processed TiB2/NiAl composites[END_REF], Gotman et al. 1994). Second, the in situ synthesized TiB2 particles in Al matrix are reported in many studies with the size ranging from 20nm to 3μm (Tee et al. 1999[START_REF] Chen | Solidification and interfacial structure of in situ Al-4.5Cu/TiB2 composite[END_REF], Tang et al. 2015).

The nanosized TiB2 particles contribute a lot to the strength of composites by Orowan mechanism, load-bearing strengthening and particle-assisted precipitation et al [START_REF] Wang | Mechanical properties of in situ TiB2/A356 composites[END_REF]. Also, these TiB2 particles usually have the shape of hexagon (Tang et al. 2015). These coherent orientations significantly reduce the lattice mismatch between particles and matrix and provide ideal nucleation surfaces for α-Al, which promotes the grain refinement.

As an outstanding PAMC, the in-situ nano TiB2 particles reinforced Al matrix composites are investigated in this study. In comparison to Al3Sc precipitates, the ceramic TiB2 particles cannot be sheared by dislocations, thus only Orowan mechanism occurs. Besides, the distribution of TiB2 particles in the composite is heterogeneous.

The majority is located along grain boundaries as they are segregated during solidification; while small amounts are dispersed within the α-Al grains due to engulfment (Paul L. Schaffer 2007). This typical distribution of particles in PAMCs influence on the microstructure deserves further investigation. 

Al-based alloys strengthened by particles with different characters

As described in the last two sections, Al-Sc alloy and Al-TiB2 composite represent two typical kinds of Al based materials strengthened by Al3Sc nanoprecipitates and TiB2 nanoparticles, respectively. Al3Sc nanoprecipitates are generally homogeneously dispersed in Al matrix with the size of nanometers. The precipitates will transform from shearable to non-shearable with the size increasing. TiB2 particles are heterogeneously distributed in Al matrix with size ranging from nanometers to several micrometers that the majority is aggregated along grain boundaries and the others dispersed in Al grains.

All the TiB2 ceramic particles are regarded as non-shearable particles. Both of these two nanoparticles with different characters, morphologies, sizes and distributions have shown their significant strengthening effects on mechanical properties of Al alloys.

However, the strengthening mechanisms could not be the same due to their different characters. Therefore, it is of significant interest to investigate the effects of these two different particles with different shearability, size and distribution on the microstructure evolution during deformation. In order to avoid the impacts of other solute atoms or compounds, the simplest compositions are chosen for both materials in this study. One is the Al-0.2wt. %Sc alloy and the other is TiB2 particle reinforced pure Al matrix composite.

Plastic deformation

Crystal Plasticity

The plastic deformation of metals is usually carried out in two ways: dislocation slip and twinning. Dislocation slip is the primary deformation method of metals that occurs by dislocation gliding on a slip plane which is generally the closest-packed plane. Twinning, displaying as two individual crystals share the same crystal lattice in a symmetrical way, is a less common deformation phenomenon than slip, which generally occurs in metals with low stacking fault energy (SFE) such as copper alloys.

As a typical face-centered-cubic (f.c.c.) crystal structured metal with high SFE, the deformation of Aluminum alloy is principally driven by the dislocation slip. It has been firstly proposed by Taylor that the slipping of Aluminum takes place on an octahedron plane at ordinary temperature [START_REF] Taylor | Plastic strain in metals[END_REF]). This octahedron is composed of eight {111} close-packed planes, and the slip direction is along the edges of the octahedron or the <110> direction. Since pairs of the faces on the octahedron are parallel to one another, only four effective slip planes exist in the octahedron, with each one owning three possible slip directions. Hence, the total potential slip systems are twelve. Each slip direction has two opposite senses, and the positive senses of the slip directions are chosen according to Table 2.2, in which letters a, b, c, d represent four slip planes, and with suffixes 1, 2 and 3 refer to the incremental shears in each slip direction. 

Shear 𝑎 1 𝑎 2 𝑎 3 𝑏 1 𝑏 2 𝑏 3 𝑐 1 𝑐 2 𝑐 3 𝑑 1 𝑑 2 𝑑 3 Direction 011 ̅ 1 ̅ 01 11 ̅ 0 01 ̅ 1 ̅ 101 1 ̅ 10 011 ̅ 101 1 ̅ 1 ̅ 0 01 ̅ 1 ̅ 1 ̅ 01 110
The activation of dislocation slip systems is according to the Schmid's law. It states that once a crystal is stressed, slip starts when the shear stress on a slip system reaches a critical value τCRSS, which is called the critical resolved shear stress. The resolved shear stress (τRSS) is the shear component of the applied stressed resolved along a slip plane, calculated as:

𝜏 𝑅𝑆𝑆 = 𝜎𝑚 = 𝜎 • 𝑏 𝛽 ⨂𝑛 𝛽 = 𝜎 𝑖𝑗 𝑏 𝑖 𝛽 𝑛 𝑗 𝛽
in which 𝜎 is the applied tensile stress, 𝑚 = 𝑏 𝛽 ⨂𝑛 𝛽 is the Schmid tensor, 𝑛 𝑗 𝛽 represents the unit normal to a slip plane containing the β th slip system, 𝑏 𝑖 𝛽 represents the normalized slip vector on slip system β. The strain component arising from slips on each crystallographic plane can be written as (Kocks et al. 1982, Asaro 1983, Skalli et al. 1985)

𝜖 𝑖𝑗 𝛽 = 𝛾 𝛽 2 (𝑏 𝑖 𝛽 𝑛 𝑗 𝛽 + 𝑏 𝑗 𝛽 𝑛 𝑖 𝛽 ),
where and 𝛾 𝛽 represents the shear amplitude on slip system β. Summing over all the activated slip systems results in the expression for the total strain components:

𝜖 𝑖𝑗 𝛽 = ∑ 𝛾 𝛽 2 (𝑏 𝑖 𝛽 𝑛 𝑗 𝛽 + 𝑏 𝑗 𝛽 𝑛 𝑖 𝛽 ) 24 𝛽=1
Besides, slip also leads to crystal rotations. In the case of plane-strain compression (or rolling), the crystal rotation components are written as (Skalli et al. 1985): TD, and ND, correspondingly. These formulas are given under two assumptions that the macroscopic rotation is null and the elastic rotation is neglected.

𝑟 1 = 𝑟 32 = -∑ 𝛾 𝛽

Microstructures after deformation

Driven by the dislocation slipping, the microstructures of materials would significantly evolve during the deformation. The most obvious microstructural evolution of plastic deformation of polycrystalline metals is the grain boundary migration. Generally, at low strains, the morphology of grains changes following the shape change of the specimen. For instance, the grains become laths after rolling, disks after compression, fibers after wire-drawing, etc. However, when the strain increases to medium and high levels, not only shapes change but also grain subdivision occurs.

In this state, the dislocations drive the grain of unstable orientations to rotate towards different orientations and then break the grains into several parts which creates new grain boundaries. Besides, complex internal structures within grains will also develop resulting from the accumulation and annihilation of dislocations.

The different microstructures mentioned above can be classified according to their sizes. subgrains. (Hughes et al. 1997) The fine structures inside the cell blocks are the second type of boundaries which is the incidental dislocation boundaries (IDBs). The IDBs are generated by the incident trapping of moving dislocations. They have small misorientation (~1°) and could be eliminated by the further interactions of dislocations, which are belonging to small angle grain boundaries (with misorientation smaller than 15°). Dislocation cells are surrounded by these IDBs with size of 0.5-1μm. When strain increases to higher levels, the grains will be elongated along the stress direction and form typical lamellar structures (Fig. 2.12b). In this situation, lamellar boundaries with very high misorientation align parallel to the deformation direction, and sandwich the cells or subgrains. (Morii et al. 1985, Morii et al. 1985). The appearance of SBs is observed to be associated with the pre-existing lamellae obstacles. It is generally recognized that the Brass-type SBs are developed based on the twin lamellae structures (Wakefield et al. 1981, Yeung et al. 1986, Paul et al. 2002, Paul et al. 2003, Paul et al. 2009) and the Copper-type SBs are generated next to the microbands structure (Morii et al. 1985, Korbel et al. 1986, Nakayama et al. 1987, Wanger et al. 1991, Wanger et al. 1995).

Figure 2.14 Shear bands in Cu-Zr alloy after cryo-rolling to 92% thickness reduction [START_REF] Li | A promising structure for fabricating high strength and high electrical conductivity copper alloys[END_REF] From the continuum mechanics point of view, the generation of SBs is a result of plastic flow localization, which is originating from the disappearance of homogeneous dislocation slip (Asaro 1979, Dillamore et al. 1979, Canova et al. 1984, Harren et al. 1988). Previous researchers put forward some suggestions on the disappearance of homogeneous slip. For example, the interaction between a second slip system with the previous slip system (Jackson et al. 1967), or the change of slipping path (Embury et al. 1984), could lead to local instabilities; this interaction between new slip system and existing dislocations forms a path in which the local flow stress is reduced and this path of easy slip contributes to the strain localization (Korbel et al. 1982). The formation of SBs are caused by this strain localization, which has broken up the homogeneous stress field of the entire crystal into local straining of a sub-volume (Dillamore et al. 1979, Korbel et al. 1982).

The occurrence of SBs depends on several factors including initial grain size, deformation temperature, composition, and grain orientation. Larger initial grain size were found to increase the occurrence frequency of SBs (Ridha et al. 1982, Korbel et al. 1986). Deformation at low temperatures was observed to favour the generation of SBs since the dynamic recovery was inhibited at low temperature (Ridha et al. 1982, Nakayama et al. 1987, Duckham et al. 2001). The addition of solutes into Al or Cu alloys will promote the formation of SBs as dynamic recovery and dislocation rearrangement are inhibited by the solutes (Lücke et al. 1990). The existence of shearable precipitates also favours the occurrence of SBs where local softening occurs when the dislocations shear through the precipitates (Starke et al. 1981, Lucke et al. 1990). Moreover, the occurrence of SBs also has a strong orientation dependency (Koizumi et al. 1999, Jia et al. 2012). For instance, in f.c.c. metals after rolling deformation, the SBs tend to occur in the orientation between Copper {112} <111> and S {123} <634> orientations along the typical rolling β-fiber texture (Morii et al. 1985, Morii et al. 1985, Nakayama et al. 1987, Wanger et al. 1995, Chang et al. 2010). The grain orientation is described in the following section.

Texture

Beside microstructure evolution, the development of texture during deformation is another important character of metals. In polycrystalline materials, the texture represents the distribution of crystallographic orientations. During plastic deformation, grains gradually rotate towards different orientations driven by the dislocation slips.

This results in a final texture considerably different with the texture of the original materials. The texture is an important characteristic associated with the properties of materials. It has been found that the texture has significant influences on the Young's modulus, the Poisson's ratio, the strength, the ductility, the toughness, the magnetic permeability, and the electrical conductivity [START_REF] Randle | Introduction to Texture Analysis: Macrotexture, Microtexture and Orientation Mapping[END_REF]. Therefore, it is necessary to study the development of texture of materials during plastic deformation.

Representation of grain orientation

In order to elucidate the orientation of grains, two coordinate systems as terms of reference need to be set up. One is the specimen coordinate system, which is chosen according to the external shape of the specimen (Fig. 2.15). For rolling materials, the specimen coordinate system commonly consists of the rolling direction (RD), the transverse direction (TD) and the normal direction (ND). The other is the crystal coordinate system which is defined by directions in the crystal. For metals of cubic crystal structure, the axes [100], [010] and [001] are usually adopted as the crystal coordinate system as they inherently form an orthogonal frame. Based on these two coordinate systems, the orientation is specified as the orientation of the crystal coordinate system relative to the specimen coordinate system: Texture can be measured by different methods such as X-ray diffraction, Neutron

𝐶 𝐶 = 𝑔.
Diffraction and Electron Backscatter Diffraction (EBSD). X-ray diffraction is usually used to detect the surface texture or thin film texture as the penetration depth of conventional X-ray source is of only several micrometers. Neutron Diffraction is used to characterize the bulk texture as the neutrons can penetrate into several millimeters depth (Vaidyanathan et al. 1999, Obasi et al. 2012). In addition, EBSD is always used as a supplementary method to determine the local texture distribution.

Rolling texture of Al alloys

For Al alloys, typical deformation textures will develop during cold rolling. The Euler angles and Miller indices of the most frequently observed rolling texture components are listed in Table 2.3. The pole figures of cold rolling aluminum are shown in Fig. 2.18. At medium strains, the rolling texture components are located along two fibers in the Euler space: α-fiber and β-fiber (Fig. 2.19). The α-fiber ranges from Goss orientation {110} <011> to Brass orientation {110} <112>; and the β-fiber runs from Brass orientation towards S orientation {123} <634> and ends at Copper orientation {112} <111> (Hirsch et al. 1988, Engler et al. 1989). When strain increases, the two fibers gradually decompose into separate texture components. 

Interactions between particles and dislocations

The introduction of second phase particles into alloys is a common method to strengthen the materials. The plastic deformation behaviors of particle-strengthened materials are dramatically affected by the size, distribution, shape and deformability of the particles (Hirsch et al. 1988, Engler et al. 1989, Ferry et al. 1996, Gholinia et al. 2002, Apps et al. 2003, Clarke et al. 2003, Humphreys et al. 2004, Apps et al. 2005).

These particles can be divided into different categories. According to the size of particles, they are usually classified into large particles, with diameter larger than 1μm, and small particles, with diameter smaller than 1μm. Based on the sources of particles, they can be categorized as precipitates or reinforced second-phase particles. Depending on the properties of particles, they can also be categorized as shearable or non-shearable particles.

During deformation, when dislocations reach the particles, the force exerted on each particle is given by (Humphreys et al. 2004):

F = τ b λ
where τ is the applied stress on the slip system, b is the Burgers vector of the dislocation and λ is the particle spacing distance (Fig. 1.2). If the particle cannot bear the force F, it deforms and is sheared by the dislocation. Otherwise, the dislocation starts to encircle the particle and leaves an Orowan loop. Therefore, the different interactions between particles and dislocations leads to varied microstructure changes.

Dislocation behaviors in materials containing shearable particles

Shearable particles can be cut through by dislocations during deformation. The shearing of a particle creates an antiphase boundary between the particle and the matrix, with the generation of antiphase boundary energy 𝛾 𝐴𝑃𝐵 . In materials containing particles, the increase of yield stress due to the precipitates is given by (Hornbogen et al. 1975)

∆𝜏 = 𝛾 𝐴𝑃𝐵 3 2 ⁄ 𝑓 1 3 ⁄ 𝐺 1 2 ⁄ 𝑏 2 𝑑 1 2 ⁄ ,
where f is the volume fraction of precipitates, d is the precipitate diameter, G is the shear modulus. Once a precipitate has been sheared by a dislocation, its effective and (c) non-shearable particles results in (e) more homogenous slip (Humphreys et al. 2004).

This particle shearing phenomenon has complex effects on the microstructure and properties of materials. The slip concentration would to lead the formation of coarse bands organized by dislocations (Fig. 2.22) which result in intergranular fracture when they intersect grain boundaries [START_REF] Duva | Large shearable particles lead to coarse slip in particle reinforced alloys[END_REF][START_REF] Poole | The shearable-nonshearable transition in Al-Mg-Si-Cu precipitation hardening alloys: implications on the distribution of slip, work hardening and fracture[END_REF]. On the other hand, in precipitation hardened alloy, the interactions between dislocations and the coherency strain fields around coherent precipitates would provide a stronger strengthening effect compared to normal particle hardening (Gladman 1999). When the materials containing particles are severely deformed, the shearable particles will deform complying with the imposed strain, but the non-shearable particles do not deform and lead to a local strain incompatibility between particles and the surrounding matrix. As a result, many dislocation loops will be generated around the particles in order to reduce the strain incompatibility [START_REF] Ashby | Work hardening of dispersion-hardened crystals[END_REF]. These dislocations loops are referred to as geometrically necessary dislocations and contribute to the increase of dislocation density.

For small non-shearable particles, the dislocations cannot pass through the particles and are easily pinned by the particles instead (Apps et al. 2005, Sakai et al. 2014). The dislocation rearrangement or dynamic recovery during deformation becomes difficult due to the movement restriction of dislocations (Fig. 2.23). As the dislocation cells are generated by dynamic dislocation recovery during deformation, the formation of regular cell structures will be impeded (Hurley et al. 2003). This results in a considerable reduced rate of grain refinement in materials containing non-shearable particles (Apps et al. 2005). In addition, the pinning effects of small, non-shearable particles will also suppress the discontinuous dynamic recrystallization of matrix (Sakai et al. 2014). Conversely, coarse, non-shearable particles play an important role in promoting the grain refinement during severe deformation (Apps et al. 2003). Due to their large dimensions (normally larger than 1 μm), these particles can neither be sheared nor readily encircled by the dislocations. The arriving dislocations start to accumulate around the particles, thus a high density of dislocations rapidly aggregates around large particles. Therefore, a particle-induced deformation zone (PDZ) will be generated in the surrounding matrix of the coarse particles (Fig. 2.24), which is of the width approximately the same with the diameter of the coarse particle (Clarke et al. 2003).

High angle grain boundaries will rapidly accumulated inside the PDZs resulting in disrupting the regular lamellar boundaries as well as contributing to the grain refinement of the materials. Besides, PDZs are one of the ideal recrystallization sites during the following heat treatment, which is generally called particle induced recrystallization (Humphreys et al. 2004). Chapter 3 Methodology of Research

Material processing

As one of the most traditional and still widely employed industrial work hardening methods, cold rolling is chosen to investigate the effects of particles on the microstructure and texture development of the materials during plastic deformation.

Cold rolling is a metal forming process undertaken below the recrystallization temperature in which the metal stock is passed through pairs of rolls to reduce thickness and obtain uniform geometry, smooth surface and improved strength. In this study, all samples were cold rolled at room temperature using a mill with a roll diameter of 200 mm, without reversing the rolling direction.

Two materials, Al-Sc alloys containing Al3Sc precipitates and Al-TiB2 composites reinforced by in-situ TiB2 particles, are investigated in this thesis. Al-2wt.%Sc alloy was proportionally added into molten pure Al to obtain Al-0.2wt.%Sc alloys. The cast alloys were homogenized at 630°C for 72 h and pre-cold rolled to 50% thickness reduction, and again homogenization treated at 630°C for 24 h. These sheets were aged at temperatures ranging from 300℃ to 475℃ respectively to generate precipitates with varied sizes and characters. The specimens of different precipitation states were cold rolled to 95% thickness reductions. According to the Al-side of the binary Al-Sc phase diagram as determined by, the solvus concentrations at the temperature of 620°C and 640°C are 0.27 wt.% and 0.31wt.% respectively [START_REF] Fujikawa | Solid solubility and residual resistivity of scandium in aluminum[END_REF].

A conservative concentration of 0.2wt.% Sc was chosen as they can form a solid solution without precipitates at 630°C. In addition, homogeneously dispersed Al3Sc

precipitates with different sizes could be likely obtained in Al-0.2wt.% Sc alloy by aging at different temperatures due to the narrow solid solubility of Sc in melting Al, which can be utilized to investigate the influence of different-sized precipitates on the deformation (Seidman et al. 2002). and KBF4 (both are higher than 99.0 % in purity), was slowly added into the molten pure Al in a high-purity graphite crucible at 900 °C and then mechanically stirred at a rotation speed of 600 rpm for 15 min. Then the slags were poured out and the composite melt was cast in a graphite mould. Cut from the equal-axial grain region of the cast, specimens were homogenized at 600 °C for 24 h and quenched in water. The specimens were then cold rolled to four different thickness reductions 60%, 75%, 90% and 95%

respectively. The experimental procedures of two materials are illustrated in Fig. 3.1.

Sample Preparation

For both materials, samples parallel to the RD-TD and RD-ND planes were cut from the central regions of the cold-rolled sheets. Three main characterization methods including EBSD, TEM and Neutron Diffraction were used to characterize the microstructure and texture development of the rolled samples, which will be demonstrated in section 3.3.

EBSD sample preparation

Thin samples cut from the centre of rolling sheets were fixed by bolting two aluminium layers together as shown in Fig. 3.2. The RD-ND plane was placed on the surface. Fixed sample were wet ground by using silicon carbide papers of 400, 800, 1200, 2000 and 4000 grits successively. Afterward, the samples were polished on a cloth by using diamond abrasive sprays of 3 and 1 μm for about five minutes, respectively. Propylene glycol solution was added as a lubricant during the polishing.

The polished samples were ultrasonically cleaned in ethanol so as to remove the residual polishing agents. These above steps are conducted on both Al-0.2wt.%Sc alloys and Al-5%TiB2 composites.

After mechanical polishing, the Al-0. 

TEM sample preparation

Samples cut from the centre of rolled sheets were mechanically polished by using silicon carbide papers of 400, 800, 1200, and 2000 grits successively. After polishing to thinner than 50μm, a small wafer with a diameter of 3mm was punched from the thin film and then finished by surface ion milling using a Fischione instruments model 1060 miller.

Neutron Diffraction sample preparation

Square samples with 1mm side length were cut from the centre of rolling sheets and stacked to form 1x1x1 cm 3 cubes. These cubic samples were mechanically polished by using silicon carbide papers of 800 grits to obtain a smooth surface.

Characterization methods

In order to characterize the internal microstructure and texture evolution of rolled samples, proper characterization methods should be employed. The majority of techniques for microstructure analysis of materials is based on the diffraction of radiation by crystal lattices. In order to investigate the crystal lattice structure, it is required that the wavelength of the radiation should be smaller than the lattice spacing, which is generally in the magnitude of 10ths of a nanometer. Three most commonly used radiation sources for materials characterization are electrons, X-rays and neutrons with the wavelength of 0.001-0.01nm, 0.05-0.3nm and 0.05-0.3nm, respectively. Xrays are electromagnetic radiations of high frequency and small wavelength. Electron and neutron diffraction is employed to study the crystal structure of solids thanks to their wave-particle duality. Their wavelengths are given by the de Broglie equation In addition, their penetration depths limit the application of different radiations.

λ = ℎ 𝑚𝑣 = ℎ √2𝑚𝐸 𝑘𝑖𝑛 in which λ is the wavelength, ℎ is Planck's constant, 𝑚 is mass, 𝑣 is
Electrons are highly absorbed by matter, which limits their penetration depth around only 1μm. This small penetration depth allows electron diffraction to characterize individual grains. X-rays are less absorbed by matter, with penetration depth of 10-100 μm. Neutrons are the least absorbed with a penetration depth about four orders of magnitude as compared to X-rays (10-100 mm). This makes X-rays suitable for superficial analysis, while neutrons are suitable for bulk samples.

Therefore, in this thesis, electron diffraction is chosen to characterize the microstructure and microtexture of materials as it can detect information of individual grains. Neutron diffraction is used to characterize the macrotexture of materials due to its advantages to probe the bulk sample. Several important characterization techniques used in this thesis are listed below.

Transmission electron microscopy (TEM)

TEM is an efficient and versatile microscopy technique with the ability to characterize the materials over a large range from < 1nm to micrometer level. The TEM consists primarily of several components including a vacuum system, a series of electromagnetic lenses and electrostatic plates. Electron gun set in the vacuum system is connected to a high voltage source (approx. 100-300 kV), applied sufficient current on the emission source, like a tungsten filament (or needle) or a LaB6 single crystal source. Then, electrons will be emitted by field electron emission or thermionic emission into the vacuum. Emitted electrons are accelerated by an electric potential and manipulated by the electromagnetic and electrostatic lenses to form electron beams with the desired size and location. When the selected electron beam reaches the sample stage, the incident electrons interact with the samples with a thickness of less than 100 nm.

Containing information about the sample, the transmitted beam is employed to form an image [START_REF] Williams | Transmission Electron Microscopy: A Textbook for Materials Science[END_REF].

In this thesis, an FEI Tencai G2 transmission electron microscope equipped with a Nanomega Astar precession and a Noran X-ray energy-dispersive spectrometry systems (EDS) operating at 200 kV will be utilized to characterize the size, distribution and orientation of particles, the morphology of subgrains in nanoscale and also the behaviors of dislocations after deformation. The Gatan Digital Micrograph software was used to analyze the TEM images.

Electron backscatter diffraction (EBSD)

EBSD is conducted in a scanning electron microscope (SEM) equipped with an EBSD detector. This technique can be employed to characterize the microstructure, microtexture, phase and grain morphology of the crystalline materials (Hurley et al. 2003, Albou et al. 2010). A polished sample is placed in the SEM chamber with at a tilted angle about 70° away from the horizontal so as to improve the contrast of electron backscatter diffraction pattern. When the electron beam is focused on the sample, some 

Neutron Diffraction

Neutron diffraction is an important technique to study the crystal structure of metal materials. Neutrons are usually generated in nuclear reactors or accelerator-based (spallation) sources. By using a crystal monochromator or the time-of-flight technique, a neutron pulse with the desired wavelength could be obtained. Selected neutron beams are focused on the sample and scattered neutrons are detected by a detector array, such as gas detector and scintillation detector [START_REF] Hannon | Neutron Diffraction, Instrumentation. Encyclopedia of Spectroscopy and Spectrometry[END_REF]. This technique enables the ability to probe volumes about hundreds of cubic millimeters and also avoid free surface stress effects of X-rays diffraction (Vaidyanathan et al. 1999, Obasi et al. 2012).

In this thesis, the bulk texture of rolled Al-Sc alloys is detected by the neutron diffractometer Kylin, laboratory CMRR, Institute of Nuclear Physics and Chemistry (Mianyang, China) with a wavelength of 0.231 nm. The bulk texture mesurement of rolled Al-TiB2 composites is conducted at the Laboratoire Léon Brillouin (Saclay/ France) on the four circles diffractometer 6T1.

Step size was set to 5° with the azimuth angle ranging from 0 °to 360 °and tilt angle ranging from 0 °to 90 °. Three individual ( 200), ( 220) and ( 111) pole figures were measured for each specimens respectively. The ODF was calculated based on the arbitrarily defined cells (ADC) method (Pawlik et al. 1991). LaboTex software was used to analyze the results of Neutron Diffraction.

Combination usage of multiple techniques

Above three methods are the main characterization techniques used in this thesis.

Their complementary advantages contribute to a comprehensive characterization ranging from nanometer to centimeter scales. Tiny structures like nanoparticles and dislocations can be successfully captured by TEM due to its high resolution. While the limited visual filed of TEM can hardly characterize the microstructure beyond tens of micrometers. Microstructures in this range can be observed by SEM and EBSD. The information like microtexture, grain boundaries, grain sizes et al. can be analyzed by EBSD. In order to save the time and cost, large images with higher scanning steps were first conducted; and fine scannings were focused on the interesting regions. However, compared to the whole specimens, the EBSD images of tens of microns still only contain limited information. Therefore, the Neutron Diffraction was conducted to give the bulk texture information the whole specimens. The results obtained through these methods are compared and integrated to present the microstructure of materials comprehensively.

Chapter 4 Shear band formation mechanism in cold rolled Al-Sc alloys

In preparation for submission. Dan, C., Chen, Z., Ji, G., Zhong, S., Moumni, Z., Li, J., Li, X., Brisset, F., Sun, G., Wang, H., Ji, V.

The of SBs on the texture evolution were also discussed.

Introduction

As one of the most frequently investigated deformation inhomogeneities in facecentered cubic (fcc) metals, shear band (SB) has been investigated widely based on both continuum mechanics and crystallographic characterizations. As yet, the features of the SBs are far from entirely elucidated, except for some generally accepted facts. From a macroscopic point of view, the SBs are formed as a result of plastic flow localization caused by geometric softening due to the lattice reorientation within fine structures (Asaro 1979, Dillamore et al. 1979, Canova et al. 1984, Harren et al. 1988). This localization started with unstable structures resulting from the suppression of homogeneous dislocation slip. Jackson et al. found that the addition of a second slip system on one pre-existing single slip system can lead to local instability (Jackson et al. 1967). Embury et al. reported that the unstable flow appeared to result from the change of deformation path (Embury et al. 1984). Other observations indicated that the interactions between new activated slip systems and dislocation forests generated by former acting systems contributed to a region in which the local flow stress was reduced, and this region of easy slip led to strain localization (Korbel et al. 1982). This strain localization resulted in the formation of SBs, which broke up the homogeneous long-range stress field of the entire crystal into local straining of a sub-volume (Dillamore et al. 1979, Korbel et al. 1982). On the other hand, according to the crystallographic observations, the pre-existence of lamellae obstacles like twins and microbands were considered to be responsible for the occurrence of SBs (Morii et al. 1985, Morii et al. 1985). Two types of SBs have been classified depending on the stacking fault energy (SFE) of metals: Brass-type shear band in low SFE fcc metals formed in grains accompanied by the twin-matrix lamellae structure (Wakefield et al. 1981, Yeung et al. 1986, Paul et al. 2002, Paul et al. 2003, Paul et al. 2009); and Coppertype shear band in medium-to-high SFE metals developed from the band-liked dislocation structures (micro bands) (Morii et al. 1985, Korbel et al. 1986, Nakayama et al. 1987, Wanger et al. 1991, Wanger et al. 1995). In both cases, the shear banding was characterized by sudden local orientation changes at the interface between the matrix and the SB.

Several factors have been observed to associate with the occurrence of SBs, such as grain size, deformation temperature, composition, and grain orientation. Large initial grain size in Cu and Al alloys were observed to favor the occurrence of SBs (Ridha et al. 1982, Korbel et al. 1986). Deformation at low temperature could increase the tendency of SBs formation as the dynamic recovery has been inhibited at low temperatures (Ridha et al. 1982, Nakayama et al. 1987, Duckham et al. 2001). Besides, the compositions of materials, such as the solute atoms or precipitates, have significant influences on the formation of SBs as well. Grain-scale SBs were frequently detected in solid solution strengthened Al and Cu alloys after deformation, which was caused by the inhibition of dynamic recovery and dislocation rearrangements (Lücke et al. 1990).

However, hardly any SBs were developed in high SFE metals such as pure Al due to the rapid dynamic recovery (Morii et al. 1985). In addition, strong SBs have been found

in alloys containing fine shearable precipitates, which were proposed to be due to pronounced local softening achieved by dislocations shearing the precipitates (Starke et al. 1981, Lucke et al. 1990). Furthermore, the formation of SBs also has a strong orientation dependency (Koizumi et al. 1999, Jia et al. 2012). Dillamore et al. indicated that a negative value of 𝑑𝑀 𝑑𝜀 ⁄ was corresponding to the geometric softening, where M is the Taylor factor for different orientations and ε is the normal strain (Dillamore et al. 1979). Numerous research results indicated that the SBs tended to occur in the orientation between Copper {112} <111> and S {123} <634> orientations along the typical β-fiber rolling texture (Morii et al. 1985, Morii et al. 1985, Nakayama et al. 1987, Wanger et al. 1995, Chang et al. 2010). Some authors explained that the asymmetrical slips in these orientations were responsible for the occurrence of SBs. For instance, the formation of layer-liked dislocation structures prior to the SBs inside the

Copper oriented grain was attributed to the asymmetrical slip since the coplanar (CP) pair of slip systems bear twice the amount of slip as a codirectional (CD) pair (Morii et al. 1985, Wagner et al. 1995). On the contrary, no SBs were observed in the Goss oriented (011) [1 ̅ 00] Al-3 wt. % Mg crystals as a result of the symmetrical slips developing a more homogeneous dislocation structure (Morii et al. 1985).

Nevertheless, the exact slip behaviors prior to the occurrence of SBs need more comprehensive investigation. The mechanism of the SBs formed in the S orientation has rarely been mentioned, although discussions focused on the Copper orientation have been widely reported. Therefore, this work aims at investigating the mechanism of the occurrence of SB based on the microstructural characterizations, particularly its orientation dependency and the impacts of second-phase precipitates. Al-Sc alloy (Al-0.2 wt. %Sc) was used as a prototype in this work since the introduction of Sc to Al matrix can lead to the uniform formation of highly stable nanosized Al3Sc precipitates with controllable diameters (Jones et al. 2003, J. Røyset et al. 2005, Knipling et al. 2011). Large initial grain size (approx. 5 mm) was constructed in Al-Sc alloys in order to promote the formation of SBs and make the fine structures more visible. When the S1 reaches R1 orientation (S2 reaches R2), the activated slip system suddenly changes that a novel slip system is activated replacing the previous slip system. The The change of deformation path in regions of D orientation behaves in a manner analogous to that of R orientation in S orientation grains, which also results in the local microstructural instability and promotes the occurrence of SBs. The regions between SBs tend to rotate towards the positive direction, while the region inside SBs rotates to the negative direction. The balance of these opposite rotations promotes the macro stability of the entire grain.

Experiments

The orientation dependence of SBs

As discussed above, the occurrence of SBs observed in S and Copper orientation grains results from the deformation path change. However, few SBs are observed in the other two typical rolling textures, Goss and Brass (Morii et al. 1985). In order to explain the absence of SBs in these two orientations, the activated slip systems of two orientations Goss ( 110 

The effects of precipitation states on the development of SBs

In the present study, no SBs are observed in SA1, while intensive SBs are observed in SA2, and some weak SBs are observed in SA3. Therefore, it demonstrates that except for the grain orientation, the composition and microstructure of materials also have significant influences on the occurrence of SBs. As extensively reported, SBs are hardly observed in pure Al, while pronounced in Al alloys such as Al-Mg or Al-Cu alloys after deformation (Wagner et al. 1995). The generally accepted reason for this phenomenon is that the uniform dynamic recovery is inhibited in Al alloys due to the presence of solute atoms. Hence, the local stress concentration results in dislocations accumulation and then lead to the formation of microbands and SBs. Besides, pronounced SBs are also observed in alloys containing fine shearable particles, in which the strong slip localization due to the shearing of particles leads to the occurrence of SBs (Lücke et al. 1990). In current study, the three samples share the same composition of Al-0.2wt.%Sc.

The only differences among them are the precipitation states. No precipitates are observed in SA1, homogenous precipitates with mean radius of 6 nm and inter-particle distance about 60 nm distribute in SA2, and precipitates with mean radius of 11 nm and inter-particle distance of about 120 nm distribute in SA3.

As shown in TEM figures (Fig. The recovered dislocation cells are related to both the strain and inter-particle spacing. At low strains, the cell structures cannot form when the inter-particle spacing is smaller than a limitation ( ~100nm) [START_REF] Lewis | Yielding and work-hardening in internally oxidised copper alloys[END_REF], Apps et al. 2005).

Meanwhile, with strain increasing, cell structures with the diameter equalling or smaller than the inter-particle distances will form [START_REF] Lewis | Yielding and work-hardening in internally oxidised copper alloys[END_REF][START_REF] Lloyd | The structure and properties of some heavily cold worked aluminum alloys[END_REF]). On the other hand, at the same strain level, the possibility of the formation of dislocation cells is higher in materials with larger inter-particle spacing. Therefore, it indicates that the notable inhibition of dynamic recovery in SA2 is due to the small inter-particle spacing of 60 nm. However, the suppression of dynamic recovery is reduced in SA3 as the interparticle spacing increases to 120 nm.

In addition, obvious planar slips are observed in SA2 and SA3 (Fig. 4.1e&h) as a result of Al3Sc precipitates sheared by dislocations. These planar slips would induce a strong slip localization (Gerold et al. 1989). In the meantime, the development of planar slips will also restrict the occurrence of cross-slips, which further inhibit the dynamic recovery [START_REF] Hamdi | Influence of stacking fault energy and short-range ordering on dynamic recovery and work hardening behavior of copper alloys[END_REF]. Previous works reported that the occurrence of SBs is the result of the inhibition of dynamic recovery and dislocation rearrangement (Ridha et al. 1982, Nakayama et al. 1987, Lücke et al. 1990). Therefore, it can be inferred that the generation of strong SBs in SA2 results from the significant inhibition of dynamic recovery. In contrast, relatively weak SBs in SA3 is due to the reduced suppression of dynamic recovery. Certainly, the different orientations of these SBs observed in two samples might be also responsible for the deviation of intensity.

Besides, although no obvious SBs are observed in SA1, according to the texture map (Fig. ). Considering all these factors, it can be concluded that the SB occurred simultaneously in these two adjacent Copper and S orientation grains, which display as an inter-granular SB composed of continuous and compatible dislocation structures. Besides, previous researchers (Koizumi et al. 1999) observed that, except between neighbouring grains with special orientations, SBs crossing the grain boundaries cannot form randomly at grain boundary surrounding one grain. It is also reported [START_REF] Engler | Mechanisms of recrystallization texture formation in aluminium alloys[END_REF], Koizumi et al. 1999) that the formation of SBs only occurred in grains with orientation between Copper and S along the β-fiber. Therefore, it can be inferred that the occurrence of inter-granular SB has harsh requirements on the matrix rotations and activated slip systems in the neighbouring grains, just as stated at the beginning of this paragraph. This results in the generation of the inter-granular SBs limited to the orientations between Copper and S.

On the other hand, this inter-granular SB plane has an inclination angle also about 28° to RD, which reveals the inclination angle of SB is closely associated with the slip systems occurred inside of it. Nevertheless, the inclination angle of SB planes in S orientation grains observed in SA2 is approximately 33 o , which is several degrees higher than 28 o . In fact, this value is close to the average SB angle of 35 o as generally reported (Korbel et al. 1986). According to the continuum plasticity theory, the shear bands are required to be inclined at approximately 35 o to the RD, which is determined

Chapter 4 Shear band formation mechanism in cold rolled Al-Sc alloys by the maximization of work-softening through the crystal rotation (Dillamore et al. 1979). Hence, it could be proposed that at the occurrence of SBs, the angles of SB are determined by the local slip planes inside of it as observed in SA3 (Fig. 4.4c & 4.11).

With strain increasing, these SB planes continue to rotate around TD in order to match the changes of stress state in deformed grains.

Conclusion
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Published. Dan, C., Chen, Z., Ji, G., Zhong, S., Li, J., Li, X., Brisset, F., Sun, G., Wang, H., Ji, V. Scripta Materialia. Vol. 166, 2019, 139-143. Al-0.2wt.%Sc alloys, with uniformly dispersed nano-precipitates, were cold-rolled to determine the effects of precipitates on the development of Cube orientation texture during deformation. The macrotexture and microtexture of deformed alloys were characterized by Neutron diffraction and high-resolution electron backscattered diffraction, respectively. Residual Cube orientation components in the form of narrow bands were observed in the deformed alloys containing shearable precipitates, but absent in alloys without precipitates. This retention of Cube orientation bands was discussed to be the result of texture development retardation in alloys containing shearable precipitates, as precipitates were sheared by dislocations and inhibit the crossslip.

Introduction

The Cube orientation {100} <001> is unstable during cold rolling and rarely observed in the deformed states. After decades of investigation, it is gradually accepted that a few Cube orientation grains still exist in the deformed states and become potential nucleus of Cube recrystallization grains [START_REF] Dillamore | The Mechanisms of Recrystallization in Cubic Metals with Particular Reference to Their Orientation-Dependence[END_REF][START_REF] Weiland | Microstructure and local texture in hot rolled aluminum[END_REF][START_REF] Dalland | Origin of cube texture during hot rolling of commercial Al-Mn-Mg alloys[END_REF][START_REF] Samajdar | Cube recrystallization texture in warm deformed aluminum understanding and prediction[END_REF], Albou et al. 2010[START_REF] Sha | Strong cube recrystallization texture in silicon steel by twin-roll casting process[END_REF][START_REF] Xu | Evolution of cube texture in strip-cast non-oriented silicon steels[END_REF]. Previous studies revealed that these residual Cube orientation grains were usually displayed as narrow bands (Albou et al. 2010[START_REF] Sha | Strong cube recrystallization texture in silicon steel by twin-roll casting process[END_REF]. However, the retention of these Cube orientation bands after deformation has not been well understood. Dillamore and Katoh predicted that, based on full constraints Taylor model, the Cube orientation bands existed as transition regions between other orientations due to divergent lattice rotations in metastable orientations [START_REF] Dillamore | The Mechanisms of Recrystallization in Cubic Metals with Particular Reference to Their Orientation-Dependence[END_REF]. Other studies demonstrated that the Cube orientation bands were fragments of original Cube grains which survived the deformation process [START_REF] Dalland | Origin of cube texture during hot rolling of commercial Al-Mn-Mg alloys[END_REF][START_REF] Samajdar | Cube recrystallization texture in warm deformed aluminum understanding and prediction[END_REF]. In this situation, the retention of Cube orientation bands was generally considered to be associated with the stability of Cube orientation during deformation. observed in pure Copper rather than in Cu-Zn alloy after 95% cold rolling reduction (Hirsch et al. 1988). In the simulation work conducted by Raabe et al., mechanical boundary conditions and orientation scatters were also observed to affect the stability of Cube orientation [START_REF] Raabe | Study on the orientational stability of cubeoriented FCC crystals under plane strain by use of a texture component crystal plasticity finite element method[END_REF]). In addition, as another major factor affecting the deformation texture (Engler et al. 1989, Lücke et al. 1990), the existence of precipitates in Al alloys before rolling and annealing was demonstrated to contribute to the recrystallization Cube orientation [START_REF] Vante | Influence of particles on recrystallisation textures and microstructures of aluminium alloy 3103[END_REF]). However, the Cube orientation at the deformed states was not discussed in this study. Since the recrystallized Cube orientation arises from the deformed Cube nucleus, it is significant to investigate the impacts of precipitates on the stability of Cube orientation at the deformed states.
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In our investifation on this issue, Al-0.2 wt.% Sc alloy was used as a prototype due to its ability to form uniformly dispersed and highly stable nanosized Al3Sc precipitates through heat treatment (Iwamura et al. 2004[START_REF] Deschamps | In situ small-angle scattering study of the precipitation kinetics in an Al-Zr-Sc alloy[END_REF][START_REF] Knipling | Precipitation evolution in Al-0.1Sc, Al-0.1Zr and Al-0.1Sc-0.1Zr (at.%) alloys during isochronal aging[END_REF], Knipling et al. 2011). The Al3Sc precipitates between 300 °C and 500 °C, which is the typical temperature range of thermomechanical processes for Al alloys. Unlike other precipitates forming at relatively low temperature (< 200 °C) and dissolving at higher temperatures, Al3Sc precipitates are very stable during the thermomechanical process. Thus, it is of momentous importance to employ Al-Sc alloys to investigate the effects of precipitates on texture evolution.

Experiments

Al-0.2wt. % Sc alloys ingots were solution treated at 630 °C for 72 h and then water quenched. Then samples A1 and A2 were heat-treated at 300 °C and 450 °C for 1h, respectively, followed by cold rolling to 95% thickness reduction. Specimens This result meets the property of coherent Al3Sc precipitates as they can be easily sheared by dislocations (Iwamura et al. 2004). Especially, distinct planar slips occurred in A2 (Fig. 5.1c). This phenomenon is generally resulted from the dislocations gliding on the same plane and forming dislocation arrays. Based on TEM analysis, the average diameter of Al3Sc precipitates is 10.3 nm (Fig. 5.1d). This is similar to the results in Ridha and Hutchinson's study (Ridha et al. 1982). As shown in (0 0 1) and (1 1 1) pole figures (Fig. the crystal rotation behavior are determined by the shear amplitude (𝛾 𝛽 ) on each slip system (Kocks et al. 1982, Asaro 1983, Skalli et al. 1985). Nevertheless, the 𝛾 𝛽 is usually unique for each slip system because it depends not only on the resolved shear stress on the β th slip system but also on the accumulative shear strain rates of other slip systems (Hutchinson John et al. 1976[START_REF] Pan | Rate sensitivity of plastic flow and implications for yield-surface vertices[END_REF]. It can be assumed that the shear amplitudes of these four slip systems are in the form of (𝛾 0 + 𝑑𝛾 𝑎 2 , 𝛾 0 + 𝑑𝛾 𝑏 2 , 𝛾 0 + 𝑑𝛾 𝑐 2 , 𝛾 0 + 𝑑𝛾 𝑑 2 ). In the rolling state, the crystal rotation components are calculated as (Kocks et al. 1982, Asaro 1983, Skalli et al. 1985): In our study, obvious RD rotation of Cube orientation is observed in A2 (Fig. 5.3).

𝑟 1 = -∑ 𝛾 𝛽 24 𝛽=1 𝑏 3 𝛽 𝑛 2 𝛽 = 𝑑𝛾 𝑎 2 -𝑑𝛾 𝑏 2 + 𝑑𝛾 𝑐 2 -𝑑𝛾 𝑑 2 , 𝑟 2 = -∑ 𝛾 𝛽 24 𝛽=1 𝑏 3 𝛽 𝑛 1 𝛽 = 𝑑𝛾 𝑎 2 -𝑑𝛾 𝑏 2 -𝑑𝛾 𝑐 2 + 𝑑𝛾 𝑑
However, no Cube or RCRD orientation is detected in sample A1. The unique difference between the two cases is that Al3Sc precipitates exist in sample A2 but not in sample A1 (Fig. 5.1). The interactions between precipitates and dislocations are generally classified into two mechanisms: one is dislocation shearing penetrable precipitates, and the other one is dislocation bypassing impenetrable precipitates and leaving a dislocation loop (Hornbogen et al. 1975). As the Al3Sc precipitates have a coherent atomic structure with Al matrix (J. Røyset et al. 2005), the precipitates dispersed in sample A2 are observed to be sheared by the dislocations (Fig. 5.1b, c). Besides, the precipitates with an atomic order also give rise to the planar slips shown in Fig. 5.1d, which is also commonly observed in Ni-Al or Al-Li alloys with the same L12-type precipitates (Gerold et al. 1989). When a dislocation shears a precipitate, it creates an antiphase boundary and related energy 𝛾 𝐴𝑃𝐵 . The increase of yield stress due to the shearing of precipitate is obtained as
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96 ∆𝜏 = 𝛾 𝐴𝑃𝐵 3 2 ⁄ 𝑓 1 3 ⁄ 𝐺 1 2 ⁄ 𝑏 2 𝑑 1 2 ⁄ ,
where b is Burgers vector, f is the volume portion of precipitates and d is the precipitate diameter (Hornbogen et al. 1975). Once a dislocation has sheared through a precipitate, the following dislocations gliding on the same plane would become easier as the effective precipitate diameter has been reduced by b. Therefore, the resistance for dislocation shearing keeps decreasing and the following dislocations prefer to glide through the same path on the same plane. This is fully consistent with the planar slip phenomenon observed by TEM (Fig. 5.1d). On this condition, the cross-slips in sample A2 would be suppressed as the dislocations tend to glide on the same plane. The shear amplitude differences between co-directional dislocation slips ({-a2, -d2} and {-b2, - 

Conclusion

It is widely reported that the cross-slip has an important influence on the texture transition of f.c.c. metals [START_REF] Smallman | The dependence of rolling texture on stacking fault energy[END_REF][START_REF] Leffers | The activation energy for the fcc rolling-texture transition as related to the activation energy for cross slip[END_REF]. Dillamore et al.

proposed that the texture development could be more rapid when cross-slip were promoted [START_REF] Dillamore | Crystal Rotations under conditions of imposed strain and the influence of twinning and cross-slip[END_REF]). Other investigations also indicated that the f.c.c.

rolling texture transition was governed by the cross-slip [START_REF] Leffers | The activation energy for the fcc rolling-texture transition as related to the activation energy for cross slip[END_REF]. As shown in the ODF results of neutron diffraction (Fig. et al. 1991[START_REF] Pogrebnjak | Nanocoatings Nanosystem Nanotechnologies[END_REF]. Various particular reinforcements, including carbides, oxides, and borides, have long been utilized to develop metal matrix composites (Nan et al. 1996[START_REF] Goncharov | Mechanism of Formation of the Columnar Structure in Films of Transition Metal Diborides[END_REF][START_REF] Attar | Selective laser melting of in situ titanium-titanium boride composites: Processing, microstructure and mechanical properties[END_REF], Shabani et al. 2014, Tofigh et al. 2014[START_REF] Bauri | Tungsten particle reinforced Al 5083 composite with high strength and ductility[END_REF], Wang et al. 2015[START_REF] Nemati | Mechanical and high temperature wear properties of extruded Al composite reinforced with Al13Fe4 CMA nanoparticles[END_REF][START_REF] Attar | Nanoindentation and wear properties of Ti and Ti-TiB composite materials produced by selective laser melting[END_REF][START_REF] Li | Selective laser melting of nano-TiB2 decorated AlSi10Mg alloy with high fracture strength and ductility[END_REF]). Among all the P-MMCs, lightweight particulate reinforced aluminum-matrix composites (P-AMCs) with improved mechanical and functional properties have gained an increasing interest for structural applications in modern industries [START_REF] Bauri | Tungsten particle reinforced Al 5083 composite with high strength and ductility[END_REF][START_REF] Mirzadeh | Quantification of the strengthening effect of reinforcements during hot deformation of aluminum-based composites[END_REF][START_REF] Pramod | Effect of Sc addition on the microstructure and wear properties of A356 alloy and A356-TiB2 in situ composite[END_REF][START_REF] Nemati | Mechanical and high temperature wear properties of extruded Al composite reinforced with Al13Fe4 CMA nanoparticles[END_REF][START_REF] Taherzadeh Mousavian | Fabrication of aluminum matrix composites reinforced with nano-to micrometer-sized SiC particles[END_REF]. Different reinforcements, such as Al2O3, SiC, TiC, WO3, TiB2, etc., have been chosen to develop Al-based matrix composites (Gotman et al. 1994, Nan et al. 1996[START_REF] Valiev | Strengthening and grain refinement in an Al-6061 metal matrix composite through intense plastic straining[END_REF][START_REF] Kawasaki | A quantitative study of cavity development in the tensile testing of an aluminum metal matrix composite processed by equal-channel angular pressing[END_REF], Shabani et al. 2014, Tofigh et al. 2014, Baazamat et al. 2015[START_REF] Fan | Grain refining mechanism in the Al/Al-Ti-B system[END_REF], Kumar et al. 2015[START_REF] Shamsipour | Optimization of the EMS process parameters in compocasting of high-wear-resistant Al-nano-TiC composites[END_REF]). Among them, TiB2 ceramic particles were broadly regarded as one of the ideal reinforcements to strengthen Al-based matrix due to their high strength, high modulus, good wear resistance and grain refinement effects (Gotman et al. 1994, Tjong et al. 1999, Kumar et al. 2007, Paul L. Schaffer 2007, Kumar et al. 2008[START_REF] Fan | Grain refining mechanism in the Al/Al-Ti-B system[END_REF][START_REF] Karbalaei Akbari | Tensile and fracture behavior of nano/micro TiB2 particle reinforced casting A356 aluminum alloy composites[END_REF][START_REF] Gao | Preparation of in-situ 5vol% TiB2 particulate reinforced Al-4.5Cu alloy matrix composites assisted by improved mechanical stirring process[END_REF].

In order to further enhance the mechanical properties of engineering P-AMCs, plastic deformation techniques can be applied. The deformation behaviors of such composites were found to be closely associated with the distribution, size, shape and deformability of second-phase reinforcement particles [START_REF] Valiev | Strengthening and grain refinement in an Al-6061 metal matrix composite through intense plastic straining[END_REF], Cavaliere 2005[START_REF] Kawasaki | A quantitative study of cavity development in the tensile testing of an aluminum metal matrix composite processed by equal-channel angular pressing[END_REF], El-Kady et al. 2014, Baazamat et al. 2015, Chen et al. 2015). For example, significant matrix grain refinement was observed after deformation in coarse Al2O3 particle reinforced Al matrix composites [START_REF] Valiev | Strengthening and grain refinement in an Al-6061 metal matrix composite through intense plastic straining[END_REF]). The trend of particle cracking during deformation became limited when the particle size was reduced down to the nano-scale in Al2O3 and SiC reinforced Al matrix composites (Nan et al. 1996[START_REF] Kawasaki | A quantitative study of cavity development in the tensile testing of an aluminum metal matrix composite processed by equal-channel angular pressing[END_REF]. Compared with the as-cast state, more uniform

Chapter 6 Microstructure study of cold rolling nanosized in-situ TiB2 particle reinforced Al composites 103 distribution of TiB2 particles inside the Al matrix after friction stir processing (FSP) improved both tensile strength and ductility (Chen et al. 2015). Also, higher dislocation density was found to be stored in FSP-processed Al6063/TiB2 composites due to effective restrict of dislocation movement by dispersed nanosized TiB2 particles (Chen et al. 2015). Till now, certain influences of second-phase particles on the deformation of P-AMCs have been revealed by previous studies, while the outcomes were insufficient in order to understand the deformation mechanisms of P-AMCs in a comprehensive way. Therefore, further investigation on the microstructure evolution of composites related to reinforcement particles is needed.

Fortunately, the plastic deformation behaviors of Al alloys and the effects of particles (precipitates and dispersoids) in Al alloys have already been extensively studied to set up a theoretical base (Hirsch et al. 1988, J.Hirsch 1988, Engler et al. 1989, Ferry et al. 1996, Hughes et al. 1997, Gholinia et al. 2002, Apps et al. 2003, Clarke et al. 2003, Hurley et al. 2003, Humphreys et al. 2004, Apps et al. 2005). These results could be utilized as a guideline for further investigating P-AMCs. Three kinds of particles in Al alloys have been deeply investigated, including small shearable particles, coarse non-shearable particles and fine non-shearable particles. For the alloy containing shearable particles (Humphreys et al. 2004), slip concentration would occur due to the particle shearing, which led to inhomogeneous deformation and sometimes shear localization. For the alloy containing coarse non-shearable particles (>1 μm), the particles would increase the rate of dislocation generation and develop particle induced deformation zone (PDZ) in the vicinity of particles due to the deformation incompatibility between particles and matrix (Apps et al. 2003, Clarke et al. 2003). P.J.

Apps et al. (Apps et al. 2003) reported that new HAGBs were rapidly developed within PDZ at low strains, and coarse particles have contributed to grain refinement at significantly high strains. A.P. Clarke et al. (Clarke et al. 2003) reported in AA1050

and Al-2 wt.% Cu alloys that the maximum misorientation within PDZ increased with homogenized at 600 °C for 24 h, and quenched in water. The samples were cold rolled at room temperature using a mill with a roll diameter of 200 mm. The cold rolling procedure was carried out without reversing the rolling direction. Four samples with different rolling passes were obtained and the thickness reductions were 60, 75, 90 and 95 %, corresponding to true strain ε of 0.9, 1.4, 2.3 and 3.0, respectively.

Specimens parallel to RD-ND and RD-TD planes were cut from center section of the as-deformed sheets, where RD was designated as the rolling direction, TD as the transverse direction, and ND as the normal direction. TEM Thin foils, their normal being perpendicular to RD, were prepared by mechanical polishing followed by ion milling. They were characterized by a FEI Tencai G2 transmission electron microscope, operated at 200 kV and equipped with a Nanomega Astar precession and a Noran Xray energy-dispersive spectrometry system (EDS). A FEI NOVA NanoSEM 230 scanning electron microscope equipped with an Oxford AZTec HKL Max EBSD detector was used for SEM. Specimens for SEM/EBSD characterization were prepared by mechanical polishing and additional ion-beam polishing in order to obtain a strainfree surface. Microstructure parameters were analyzed by SEM/EBSD on both RD-TD and RD-ND planes. SEM/EBSD maps were recorded with a step size of 0.15 µm by considering fine grains and TiB2 particles. Grain maps were reconstructed assuming that real grains contain two or more adjacent pixels with the misorientation below 15°.

In other words, the minimal detectable grain size was set to 300 nm. Boundaries with misorientation angles higher than 15° were defined as high angle grain boundaries (HAGB), while those between 2º and 15º as low angle grain boundaries (LAGB). Due to the limitation of angular precision, misorientaion below 2º were not measured in order to avoid spurious boundaries. The experimental error limit is less than 1% in present study case. The all Euler color key was utilized for all EBSD maps presented in current paper unless indicated otherwise.
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Results and discussion

Second-phase particles distribution

The distribution and morphology of the TiB2 particles in the composite at the strain of 0.9 showed that the majority of the particles were preferentially agglomerated along the Al grain boundaries (Fig. 6.1a, b, d) with the size ranging from dozens to hundreds of nanometers. A closer look confirmed that they were not stacked together, but had a small distance between each other (Fig. 6.1b), which would be named as TiB2 particleclusters in the following sections. Besides, many fine TiB2 particles with the size less than 100 nm were observed to be dispersed inside the Al grains (Fig. 6.1a and 6.1c). Chapter 6 Microstructure study of cold rolling nanosized in-situ TiB2 particle reinforced Al composites

As shown in Fig. 6.2, heterogeneous microstructures were observed in all the samples deformed at the different strains, and large grains were elongated along the RD and compressed along the ND. In the primary Al grains at the strain of 0.9, coarse granular-scale deformation bands (Fig. 6.2a) were observed, most of which had misorientation lower than 15 °. With the strain increasing, particle deformation bands (PDBs) (Ferry et al. 1996, Apps et al. 2003) aligned along the RD and next to the TiB2 particle-clusters were found in the samples at the strain of 2.3 and 3.0 (Fig. 6.2c and 6.2d, respectively).

Fine submicrometer sized grains were observed to be distributed around the TiB2

particle-clusters at four different true strains (Fig. 6.3). In order to statistically characterize the grain size distribution of these composite samples, the detected grains were divided into two groups according to their size range. The one group contained ultrafine grains ranging from 0.3 to 2 μm in size, while the other one contained coarser grains having the size larger than 2 μm. In all the samples, about 90 % of the Al grains (in number) were smaller than 2 μm, while the total area occupied by such small grains varies from 1 to 23 % (Table 6.1). With the true strain increasing, both the number and area fraction of the small grains increased. Further, less than 10 % of the grains (in number) were larger than 2 μm, but they covered more than 73-95 % of the area depending on the strains.

In the particle-containing AA8006 and AA1200 alloys, the small grains were considered to be the rotated Al matrix at the particle-matrix interface, which were generated due to the deformation incompatibility between large non-shearable particles (>1 μm) and Al matrix [START_REF] Jazaeri | The transition from discontinuous to continuous recrystallization in some aluminium alloys I -the deformed state[END_REF]). During the deformation process, the increasing local strain incompatibility around particles led to more Al matrix rotation in order to release the severe deformation incompatibility. As a result, more small grains were observed in the deformed composites at higher strain levels. In this study, the nonshearable TiB2 particles were close-packed and displayed as the particle-clusters. If each particle-cluster was considered as a rigid structure, the influence of the particle-

Chapter 6 Microstructure study of cold rolling nanosized in-situ TiB2 particle reinforced Al composites 109 cluster may be similar compared with that of the large non-shearable particles discussed in Ref. [START_REF] Jazaeri | The transition from discontinuous to continuous recrystallization in some aluminium alloys I -the deformed state[END_REF]). However, the effects of particle-clusters during plastic deformation should be much more complex than single large particles due to the interactions of particles within the clusters. The deformation of the matrix regions within the particle clusters has been inhibited by the surrounding non-shearable particles. As these regions were insulated from the matrix outside, orientation differences between these regions and matrix outside would occur and increase with the deformation processing, which finally led to a large amount of small grains around the particle-clusters (Fig. 6.3). Therefore, the presence of TiB2 particles contributed to local grain refinement of the matrix especially along grain boundaries, and led to heterogeneous grain morphology at the same time. The primary Al grains were elongated along the RD and compressed along the ND. However, the continuity of these elongated grains was interrupted by the large TiB2 particle-clusters. They hindered the grain boundary and dislocation movements during deformation, and then led to strong local deformation incompatibility. In order to release the strain incompatibility, grain rotation around the particle-clusters occurred and then developed into parts of small grains surrounding the particle-clusters. Besides, the small matrix regions inside the particle-clusters were separated from the matrix outside, with the strain developing, the orientation discrepancy between inter-regions and matrix outside kept increasing and finally gave rise to the formation of a large amount of small grains around the particle-clusters. The distributions of grain boundaries in the composites at the different true strains were shown in the EBSD maps (Fig. 6.4, in RD-TD plane). It is noticeable that very few HAGBs were observed at the low strains (Fig. 6.4a and 6.4b), which were mainly the initial grain boundaries. With the strain increasing, most of new generated HAGBs were observed around the TiB2 particle-clusters, and few new HAGBs were observed inside the Al grains.

Grain boundaries and misorientation distribution
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The total percentages of HAGBs in the deformed composite and two Al-0.1Mg alloys with different initial grain size (for comparison) as a function of strain levels were plotted in Fig. 6.5. As reported in [START_REF] Jazaeri | The transition from discontinuous to continuous recrystallization in some aluminium alloys I -the deformed state[END_REF]), the percentage of HAGBs was related to the initial grain size before deformation, and the smaller the initial size the higher percentage of HAGBs after deformation. The initial grain size of the studied composites ranged from 200 to 300 μm. It can be seen that the HAGBs percentage in the TiB2/Al composite was lower than in both Al-Mg alloys in particular at the high strains (Fig. 6.5). Therefore, it can be concluded that the generation of HAGBs in the TiB2/Al composite after cold-rolling was less favorable compared to the Al-0.1Mg alloys. As pointed out by P.J. Apps et al. (Apps et al. 2003), the relative amount of HAGBs and LAGBs as a function of deformation strain can be used to clarify the processes involved in microstructural evolution upon straining. As shown in Fig. 6.6, as the strain increased, the HAGBs raised predominately at the expense of the LAB category. Newly induced LHABs (15-30 o ) were generated at the strain of 0.9, while newly induced MHABs (30-45 o ) and VHABs (> 45 o ) started to appear at the strain of 1.4. Similar results were found in the AA8079 alloy (Apps et al. 2003) that LHABs appeared after the first ECAE passed (at the strain of 0.7), and the formation of MHABs and VHABs started at the strain of 1.4. By contrast, for the Al-0.1Mg alloy reported by P.J. Apps et. al. (Apps et al. 2003), the LHABs were first detected after 2 ECAE passes (at the strain of 1.3), and the measurable MHABs and VHABs were observed above the strain of 3. The appearance of newly formed HAGBs in the Al-0.1Mg alloy was much delayed than in the AA8079 alloy and TiB2/Al composite. Although the AA8079 and Al-0.1Mg alloys were deformed by ECAE, being different from the cold rolling process used for the TiB2/Al composite, a comparison in grain boundaries generation mechanism based on deformation strain levels might be acceptable. The comparison implied the generation of new HAGBs (LHABs with misorientation 15-30 o ) which was much easier in the TiB2/Al composite and AA8079 alloy than in the Al-0.1Mg alloy.

The rapider generation of new HAGBs (LHABs) in the TiB2/Al composite resulted from the effect of the TiB2 particle-clusters. During deformation, large incompatibilities between particle-clusters and Al matrix led to intense strain and significant misorientation gradient, which finally induced the rapid generation of high density HAGBs around the TiB2 particle clusters.

As shown in Fig. 6.2, the HAGBs spacing along the ND, or transverse HAGBs spacing, was extraordinary inhomogeneous. At the strain of 2.3, the transverse HAGBs spacing in the area of PDBs was around 1 μm, while that of area away from particleclusters were much higher (Fig. 6.2c), ranging from 3.5 to 13 μm. It has been reported

that the transverse HAGBs spacing of single phase Al-0.1Mg alloy (Apps et al. 2005) at the equal strain level was around 3 μm, and that for non-shearable particle Al3Sc

containing Al-0.2Sc alloy (Apps et al. 2005) at the same strain level was around 6 μm.

Compared with these data, it can be seen that the HAGBs generation rate in the composite was heterogeneous and considerably affected by the presence of TiB2 particles. Compared to that of single phase Al-0.1Mg alloy, the grain refinement rate around particle-clusters was faster, especially in PDBs. However, the HAGBs generation rate has been retarded in regions away from the clusters which was similar to that of the Al-0.2Sc alloy. The difference suggested that the generation of HAGBs has been promoted by TiB2 particle-clusters but inhibited by dispersed TiB2 particles.

With the strain reaching 3.0 (Fig. 6.2d), more intense PDBs were observed around the particle-clusters, and the heterogeneous characteristic of HAGBs spacing affected by TiB2 was still obviously identified. These LABs displayed in the zone B were irregular and regular dislocation cell structure. No well-formed dislocation cell structures were observed in these regions, which were common deformation structures as observed in Al and Al alloys at the low strains (Hurley et al. 2003, Apps et al. 2005, Sakai et al. 2014). In non-shearable particles containing alloys, the formation of dislocation cell structures was associated with particle distribution. The dislocation movement would be inhibited by fine-spaced particles; thus the dislocation cell size depended on the inter-particle spacing. The generation of cell structure would be delayed in particle containing alloys if the interparticle spacing was smaller than the matrix natural cell size (Apps et al. 2005). In current study, the average size of dispersed TiB2 particles within grains was 20~100 nm, and the spacing was around 100~200 nm as shown in Fig. 6.1c. Therefore, it can be inferred that the inter-spacing of the dispersed TiB2 particle was smaller than the Al natural cell size, thus the formation of well-organized dislocation cell structures was retarded in the TiB2/Al composite. Since cell band boundaries were an important component of new HAGBs (Hughes et al. 1997), the lack of dislocation cell structures would reduce the density of HAGBs in the TiB2/Al composite.

Another common source of new HAGBs (Hughes et al. 1997) in deformed single phase Al alloy, the microshear bands was also absent in the TiB2/Al composite. The generation of microshear bands was a kind of work-softening mechanisms during deformation. Although the origin of microshear bands is still under discussion, it is generally considered that microshear bands might originate either from the complementary set of cell bands (Hurley et al. 2003) or from a slip concentration on highly stressed slip systems (Sakai et al. 2014). In face centered cubic metals of high stacking fault energy, such as Al, shear bands might have occurred when there was extensive solid solution hardening or if the material contained deformable second-phase particles (Humphreys et al. 2004). In these samples, the dispersed non-shearable TiB2 particles inhibited the generation of cell structures and homogenized the slip during deformation, and the formation of microshear bands was inhibited. Similar phenomena were also observed in other Al alloys containing non-shearable fine particles (Apps et al. 2005).

Therefore, the total HAGBs development during deformation has been retarded in the TiB2/Al composite. In other words, the grain refinement after deformation was slowed down in such a composite. This was due to the absence of two major sources of new HAGBs formed at the high strain level, which were dislocation-cells and micro shear bands. The disappearance of these two substructures was caused by small dispersed TiB2 particles, as they hindered the recovery of dislocations and homogenized the slip during deformation. However, the local HAGBs development around the TiB2 particle-clusters has been significantly accelerated by large strain incompatibility between matrix and particle-clusters, which partially contributed to the local grain refinement around the observed particle-clusters.

Continuous Dynamic Recrystallization

As discussed above, a large number of small Al grains were found to be located along primary grain boundaries especially where the TiB2 particles agglomerated (Fig. 6.3). Our previous TEM results showed that there were highly-coherent orientation relationships between the individual TiB2 particles and the Al matrix (Tang et al. 2015[START_REF] Li | Selective laser melting of nano-TiB2 decorated AlSi10Mg alloy with high fracture strength and ductility[END_REF]). In the TEM images of the sample at the strain of 3 (as shown in Fig. 6.8), the small Al grains were equiaxed and have the size ranging from 200 nm to several microns. No evidence of dislocations was observed inside them. Previous reports [START_REF] Jazaeri | The transition from discontinuous to continuous recrystallization in some aluminium alloys I -the deformed state[END_REF]) have discussed the small grains located around large particles were caused by matrix rotation during deformation. In this case, the small grains located around the particle-clusters rather than single large particle, and some new phenomena in addition to matrix rotation are proposed in the current work.

The features of these small grains were observed to be similar to the features of recrystallized grains, such as equiaxed shape and dislocation-free characteristic. So far, two mechanisms of dynamic recrystallization are recognized, discontinuous dynamic recrystallization (dDRX) and continuous dynamic recrystallization (cDRX). The activation of either dDRX or cDRX hinged on the relationship between the mobility of grain boundaries and the rate of dynamic recovery (DRV). In general, the dDRX took place when the deformation temperature was above 0.5Tm (Tm was the melting temperature of material) and new grains formed in materials with low to medium

Chapter 6 Microstructure study of cold rolling nanosized in-situ TiB2 particle reinforced Al composites 119 stacking fault energy (SFE) (Humphreys et al. 2004). In the current work, these conditions cannot be fulfilled since Al is a metal of high SFE, and the samples were treated by cold deformation process. The continuous dynamic recrystallization (cDRX) would take place in high SFE materials, such as Al, Mg, ferritic iron and their alloys, at extremely high strains, which were always treated by severe plastic deformation (SPD). During SPD, a high density of dislocations was rapidly accumulated. These dislocations were mutual trapped and then led to the formation of recovered subboundaries (LABs). Small recovered sub-grains were bounded by LABs, and this process was called DRV. With strain increasing, the LABs gradually transformed into HAGBs, and sub-grains developed into UFGs bounded by HAGBs, which was referred to as continuous dynamical recrystallization (cDRX).

A recent report indicated that the dislocation density of the deformed TiB2/Al composites was twice more than that of deformed Al alloys deformed at the same conditions (Chen et al. 2015). High density of dislocations has been observed at the interface between particle-clusters and matrix (Fig. 6.8c). As discussed in section 3.2.1, the TiB2 particles were not exactly close-packed, dislocation movement in these internal matrix regions would been significantly inhibited by the surrounding nonshearable particles during deformation, which led to a rapid generation of dislocation density. These dislocations trapped each other to form sub-grains, and gradually transformed into HAGBs. Although the composites have not been treated by SPD in current work, the extremely high strain incompatibility between matrix and particleclusters leading to rapid accumulation of dislocations around clusters could provide conditions similar to SPD that enabled the occurrence of cDRX in regions next to the particle-clusters. The dislocation-free grains observed in Fig. 6.8 could be recognized as fine grains due to the cDRX mechanism. In addition, as shown in Fig. 6.8d, the grain boundary of the recrystallized grain was pinned by a fine TiB2 particle. During the was too low to activate the process of cDRX; 2) as discussed above, few dislocation cells (or subgrains) have been observed inside the primary Al grains, and the recovery of dislocation debris in intra-granular region has been inhibited by the small interspacing of fine single TiB2 particles, thus the possibility of cDRX would be further reduced.

Conclusions

The microstructure evolution of cold-rolled in-situ TiB2 particle reinforced Al matrix composites was investigated in this work. In the composites, two distribution types of TiB2 particles were observed. The majority of the TiB2 particles agglomerated around the Al grain boundaries forming particle-clusters, which was a common phenomenon observed in almost all the P-MMCs. The remaining small particles were relatively homogeneously distributed inside the Al grains, which were generally recognized as ideal for effective strengthening of the P-MMCs. The different effects of both TiB2 particle-distribution types on microstructure evolution during cold rolling were investigated and the mechanisms for accommodating the deformation incompatibility occurred at the particle-matrix interface were discussed.

The agglomerated particle-clusters were found to accelerate local grain refinement.

High density of dislocations and HAGBs were rapidly generated around the particleclusters, and small dynamic recrystallized grains were observed around particle-clusters as a result of local high deformation strain. Comparatively, the fine TiB2 particles were observed to delay the formation of HAGBs by impeding the development of dislocation cell structures and microshear bands. The grain boundary movement of the recrystallized small grains was blocked by fine TiB2 particles due to effective pinning effects, resulting in those grains remaining around the TiB2 particle-clusters.

Chapter 6 Microstructure study of cold rolling nanosized in-situ TiB2 particle reinforced Al composites X-ray diffraction and Neutron diffraction experiments are applied to analyze the macro texture of samples in a relatively large scale. The latter method (Vaidyanathan et al. 1999, Obasi et al. 2012) enables one to probe huge volumes of materials about hundreds of cubic millimeters. It can provide excellent information about the macrotexture and also avoid free surface stress effects related to X-ray diffraction. Besides, the local micro texture evolution which cannot be acquired by macro texture is generally attained by electron backscatter diffraction (EBSD) analysis. In this study, we used Neutron Diffraction and EBSD techniques to investigate the macro and micro texture evolution of in-situ TiB2 reinforced Al-based composites. The effects of two different forms of TiB2 particles on texture evolution were analyzed and compared with the microstructure evolution of these composites reported in the last paper (Dan et al. 2017).

Experimental method

5wt. % in situ TiB2 particle reinforced pure Al composites were studied in this work. The fabrication of these composites was described in our last paper (Dan et al. 2017). Four samples after homogenization were cold rolled to four different thickness reductions of 60%, 75%, 90%, and 95% respectively (true strains of ε= 0.9, 1.4, 2.3 and 3.0). Specimens parallel to RD-ND planes were cut from center section of the asdeformed sheets separately, where RD is the rolling direction and ND is the normal direction. For EBSD characterization, specimens were prepared by mechanical polishing and followed by ion polishing in order to obtain strain-free surface. The scanning electron microscope FEI NOVA Nano SEM 230 equipped with Oxford AZTec HKL Max electron backscatter diffraction (EBSD) detector was used to collect results. These EBSD maps were recorded with step sizes of 0.15 µm in a view to detect ultra-fine grains and TiB2 particles. These maps have the hit rates of 90%, 73%, 73% and 61% respectively. Cleanup" function has been used in the analysis so as to remove some noises.

For neutron diffraction measurements, samples cut from the middle section of The orientation density along 𝛼-fiber at different strains was plotted vs the angle 𝜑1 (Fig. 7.2a), and the orientation maximum density along 𝛽-fiber was plotted vs the angle 𝜑2 (Fig. 7.2b). Looking first at the 𝛼-fiber (Fig. 7.2a), a weak orientation density peak was observed at the B orientation at the strain of 0.9. Meanwhile, a comparable orientation density was observed at the Goss orientation {011} <100>. As shown in Fig. 7.5, extremely heterogeneous grain morphology was observed in the deformed TiB2/Al composites: large primary grains were elongated along RD, while plenty of small grains were generated around TiB2 particle clusters. These small grains were commonly recognized as random-oriented broken parts, and the regions around the particles were referred as particle deformation zone (PDZ). In order to investigate the texture development of PDZs, the regions around particle-clusters were separately selected out by using the subset function (a function module in Channel 5 software) in four samples. Some Cube and ND-rotated Cube orientations were observed in these regions. As shown in Fig. 7.7, recrystallized nuclei with diameter ranging from 0.3-2 𝜇m have been observed in four samples of different strains. Almost all these recrystallized nuclei were located around TiB2 particle clusters. The volume fractions of these grains increased from 1% at the strain of 0.9 to 9% at the strain of 3.0, and the details were shown in Table 7.1. Some detailed grain boundaries distributions around particle clusters were shown in Fig. 7.8b, where the low angle boundaries (< 15 o ) were divided into three ranges for a better understanding. As can be seen, a high density of high angle grain boundaries (> 15 o ) were located around clusters while plenty of low angle grain boundaries were dispersed in the regions away from clusters. 

Orientation of dispersed particles

Besides the TiB2 particle-clusters, the effects of small TiB2 particles dispersed within Al matrix have also been analyzed. As reported (Tang et al. 2015), a coherent lattice relationship existed between a single TiB2 particle and Al matrix, thus the orientation relationship between small TiB2 particles and surrounding Al matrix after cold-rolling deserved further investigation. Here, the EBSD map at the strain of 3 (Fig. The ODF sections (Fig. 7.1) and orientation densities along two fibers (Fig. 7.2) indicated that texture components along 𝛽-fiber (B, S, and Copper) strengthened as strain increased, while Goss orientation has nearly disappeared at the strain of 1.4. This result agreed with Al alloys that the Goss orientation formed at low strains and then rotated to the B orientation and disappeared at intermediate strain levels (Hirsch et al. 1988). When strain increased to higher levels, discrepancy of densities along fiber started to arise that the Copper orientation developed to be the dominant component alloys with non-shearable precipitates (Hirsch et al. 1988, Engler et al. 1989).

Rolling texture volume reduction

A comparison between TiB2/Al composites and Al-0.1Mg alloys (Hurley et al. 2003) on the texture volume fraction was carried out. The sums of the rolling texture volume fractions (including B, S, Copper, and Goss orientations) in Al-0.1Mg alloys have reached high values of 94.6% and 95.2% at the strains of 1.4 and 2.3 respectively.

However, for TiB2/Al composite the texture volume fractions were only 78.2% and 86.9% respectively at the corresponding strains. The texture volume fraction in the composite has not reached 94% until the strain increased to 3.0. Although the final texture composition would be affected by the initial state of materials, both materials were as-rolled samples and then the significant differences of total volume fractions of rolling texture components still made sense. Therefore, the results indicated that the development of rolling textures was retarded in TiB2/Al composites. As shown in Fig. 7.6c-f, the texture around particle-clusters was extremely weak in all the samples. The grains within these regions were random-oriented and normally calculated as background components. However, since the regions around the particle-clusters accounted for relatively large area fractions (from 11% to 22%) in the composites at different strains, the contribution of these regions to the total texture development could not be ignored. Therefore, it could be illustrated that the texture volume reduction in composites mainly stemmed from the texture weakening of the regions around TiB2 particle clusters.

Recrystallization orientation

Normally, the orientations of small grains around large particles were regarded as random in Al alloys (Humphreys et al. 2004). However, the orientation of PDZs shown in Fig. 7.10c-f was not exactly random, some preferred orientations were observed. For example, a weak Cube orientation was found in the sample at the strain of 0.9, and generally regarded as recrystallization orientations in Al alloys [START_REF] Engler | Nucleation and growth during recrystallisation of aluminium alloys investigated by local texture analysis[END_REF]. In addition, the texture of recrystallization nuclei (Fig. 7.10c-f) was as weak as PDZs (Fig. 7.6c-f) and displayed relatively preferred orientations as well. Cube orientation was observed in the samples at the strain of 0.9 and 2.3. ND rotated cube orientations were observed in sample at the strain of 2.3 and 3, another pronounced orientation (012) [0-21] was also observed in samples at the strain of 1.4 and 3. The locations of these special orientations were characterized in details as shown in Fig. 7.10a-b. Fig. 7.10a showed a region around particle clusters where small grains with these three orientations were observed. Meanwhile, Fig. 7.10b showed that these orientations were also preferred to locate along high angle grain boundaries. As discussed in Al alloys, the recrystallized nuclei were considered to already exist in the deformed microstructure in some situations, which generally stem from the deformation heterogeneities in the alloys [START_REF] Hutchinson | Nucleation of recrystallization[END_REF]. The heterogeneities such as high angle grain boundaries, shear bands, cube bands and deformation zones were ideal sites for recrystallization nuclei. At the stage of deformation, the orientations of nuclei were considered to be relatively random. However, after annealing, those orientations with sufficient nuclei and higher growth rate led to the selected final recrystallization texture components. In the current study, the recrystallization nuclei mainly stemmed from the deformation heterogeneities around particle-clusters and especially the selective nuclei growth related to the particle clusters would be conducted in the future study.

Interactions between dispersed particles and matrix

As described in section 3.3, the {0001} plane of fine TiB2 particles were observed to parallel with the {001} plane of Al matrix. A coherent lattice relationship between in-situ TiB2 particle and Al matrix in the as-cast composite has been found in the previous study: (0001)TiB2//(001)Al; [2-1-10]TiB2//[110]Al (Tang et al. 2015). Combining the pole figures shown in Fig. 7.9 and the coherent relationship of as-cast composite, it can be seen that the parallel relationship between TiB2 particle and Al matrix was preserved during the deformation process. This result indicated that no relative rotation between the small particle and Al matrix has occurred during deformation, except the rotation around axis <100>. In other words, it could be inferred that the fine TiB2 particles have rotated together with the surrounding Al matrix to relax the deformation heterogeneities during cold rolling. For the materials with small non-shearable particles, the most common plastic relaxation during deformation is the formation of prismatic dislocation loops (Humphreys et al. 2004), while the orientation relationship development between small particles and the surrounding matrix during deformation has rarely been reported. Therefore, the phenomenon of the conservation of the parallel relationship between particles and matrix or the simultaneous rotation of particle and matrix might be another form of plastic relaxation.
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Conclusion

The macro and micro textures evolution of cold-rolled TiB2/Al composites were analyzed by Neutron diffraction and EBSD characterizations. The influences of two types of particles on texture evolution were investigated as follows:

1. The rolling texture volume fractions of deformed Al/TiB2 composites have been significantly reduced due to the weak texture in PDZs. nanoparticles have probably rotated together with the surrounding matrix, which could be another interaction behavior between particles and matrix.

As can be seen, the nanoparticles with different sizes, distributions and inherent characters have significant effects on the development of microstructure and crystallographic texture of Al alloys. These discrepancies result from the different interactions between nanoparticles and dislocation, in which the shearability of nanoparticles plays a significant role. Therefore, based on the observations and discussions of Chapter 3-7, the different effects of shearable and non-shearable nanoparticles on dislocation behaviours, microstructure and crystallographic texture evolution are concluded and compared in the next section.

Comparison of the effects of shearable and non-shearable nanoparticles on the microstructure and texture evolution

The effects of particles with different characters on the microstructure and texture evolution of Al alloys after cold rolling have been concluded in the previous chapter. It is interesting to find that these two kinds of particles have shown some similar effects on certain aspects, while shown very different effects on other sides.

Inhibition of dynamic recovery

A similar effect of suppressing the dynamic recovery has been found in both alloys containing dispersed shearable Al3Sc nanoprecipitates and non-shearable TiB2 

Different behaviours of small particles encountering dislocations

When the materials are severely deformed, in order to accommodate the strain incompatibility between nanoparticles and the surrounding matrix, different dislocation behaviors would occur depending on the characters of nanoparticles.

For shearable Al3Sc particles, the dislocations can shear through them easily, which results in inhibition of cross slip and promotes obvious planar slips. These further lead to the inhibition of dynamic recovery and significant strain localization.

For non-shearable TiB2 nanoparticles, the movement of dislocations and grain boundaries will be significantly impeded through Orowan mechanism. The dispersed non-shearable nanoparticles contribute to the homogeneous slip, while nanoparticleclusters lead to strain localization.

In addition, the dispersed non-shearable TiB2 nanoparticles are also observed to rotate together with the surrounding matrix, which reveals another interaction behaviour between nanoparticles and matrix. It could be suggested that no direct interactions have occurred between dislocations and nanoparticles as well as the nanoparticles are pushed by the surrounding matrix during deformation.

Prospect of future work

Second-phase particles with different characters have distinct effects on the microstructure and crystallographic texture development of materials during deformation. These differences arise from the diverse interactions between nanoparticles and dislocations. This thesis has revealed the relationships between particle-dislocation interactions and the evolution of microstructure and crystallographic texture during deformation. The future work based on this study can be carried out in the following ways:

1. Simulating the occurrence of SBs based on the theory of continuum mechanics and crystal plasticity in order to verify the ideas proposed in this thesis. This work is currently carried out based on Abaqus and Cast3m. 
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 11 Figure 1.1 Sketch of Stress-Strain curve of an elastoplastic sample under uniaxial loading

Figure 2 . 1

 21 Figure 2.1 The solvus line of Sc in Al on the Al-rich side of the Al-Sc binary phase diagram(Røyset et al. 2005, Røyset et al. 2005) 

Figure 2 . 3

 23 Figure 2.3 Homogeneously dispersed Al3Sc precipitates shown in TEM micrographs: (a) Al-0.3 wt.% Sc alloy aged at 300°C for 72 h; (b) Al-0.3 wt.% Sc alloy aged at 400°C for 5 h; (c) Al-0.1 wt.% Sc alloy aged at 300°C for 72 h; and (d) coherency strain contrast in the Al-0.2 wt.% Sc alloy aged at 300°C for 72 h (a-c) using the (100) reflection and (d) employs a two-beam condition using the (200) reflection. (Seidmanet al. 2002) 
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 2 Figure 2.4 A sketch of the Al-rich side of the Al-Sc phase diagram(Røyset et al. 2005) 
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 2 Figure 2.5 a) Vickers micro-hardness versus aging time of three Al-Sc alloys with different Sc concentrations (0.1, 0.2 and 0.3 wt.%) at 300°C; b) increase in microhardness of Al-Sc alloys hardened by differently sized precipitates.(Seidman et al. 2002) 
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 26 Figure 2.6 Two precipitation hardening mechanisms occur in Al-Sc alloys: dislocation structure a) of an Al-0.3 wt.% Sc alloy with fine precipitates (r=1.4 nm) after ambient temperature compression to 20% strain ; (b) of the same alloy with coarser precipitates

Figure 2

 2 Figure 2.7 Stress-strain curves of Al-4wt.%Cu matrix reinforced with different TiB2compositions.(Lü et al. 2001) 

Figure 2 .

 2 Figure 2.9 a) Wear resistance of Al-TiB2 composites as a function of TiB2 content; b)

  or quadrilateral, of which several certain crystal faces are coherent with the Al-matrix, such as (0001)TiB2 // (001)Al; [211 ̅̅̅̅ 0]TiB2 //[110]Al and (0001)TiB2 // (111)Al; [112 ̅ 0]TiB2 //[1 ̅ 10]Al (Paul L. Schaffer 2007). Fig. 2.10 reveals a TiB2 particle with the coherent orientation relationship of [211 ̅̅̅̅ 0]TiB2 //[110]Al and (0001)TiB2 // (111)Al

Figure 2 .

 2 Figure 2.10 (a) TEM image showing a quadrilateral TiB2 particle along the grain boundary (b) high-resolution TEM image highlighting the TiB2/Al interface located in

  crystal rotation components about the sample axes (X1 -X2 -X3) are related to the shear amplitudes, where the X1 represents RD, X2 represents TD and X3 represents ND; 𝑟1, 𝑟2 and 𝑟3 represent the crystal rotation components about the sample axes RD,

Fig. 2 .

 2 11 illustrates microstructures at different scales for sample deformed in plane strain compression driven by slips (F.J. HUMPHREYS 2004). Within a grain, dislocations existing as tangles are surrounded by dislocation boundaries to form cells or subgrains, which are the tiniest element in deformed microstructures (Fig. 2.11a,b ). Driven by different slip systems, divergent orientations would occur within the coarse grain which leads to the formation of deformation bands (Fig. 2.11c). Sometimes, shear bands displayed inclined to the rolling plane can be observed due to plastic instability (Fig. 2.11d).

Figure 2 .

 2 Figure 2.11 The microstructures in a polycrystalline metal deformed by slip at increasing scale: (a) Dislocations, (b) Dislocation boundaries, (c) Deformation and transition bands within a grain, (d) Specimen and grain-scale shear bands. (F.J.HUMPHREYS 2004) 

Figure 2 .

 2 Figure 2.12 Schematic illustrating deformation microstructures and grain subdivision. a) Small to medium strain deformation, with microbands and dense dislocation walls (DDW) surrounding groups of cells in cell blocks; b) large strain deformation, with lamellar boundaries parallel to the deformation direction and sandwiching cells and

Figure. 2 .

 2 Figure. 2.13 a) TEM micrograph showing the cell block structure inside Al after 10% cold rolling (ND-RD plane) b) sketch of the same area indicating the misorientations across the cell block boundaries.[START_REF] Liu | Effect of grain orientation on deformation structure in cold-rolled polycrystalline aluminium[END_REF] 

  specifying the orientation by only three steps of rotation to transform the specimen coordinate system to the crystal coordinate system. The most generally used Euler angles are following the Bunge definition in the form of (φ1, Ф, φ2)[START_REF] Bunge | Texture Analysis in Materials Science[END_REF]. As shown in the diagram (Fig.2.16), φ1 is the rotation angle around the specimen ND, Ф is the rotation around the axis RD' and φ2 is the rotation around the axis ND''.
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 2 Figure 2.15 Schematic illustration of the orientation expressed by Miller indices: the crystal orientation [hkl] and [uvw] is parallel to the specimen ND and RD, respectively.

Figure 2 .

 2 Figure 2.16 Diagram showing the orientation represented by Euler angles using Bunge's convention: three steps of rotation (φ1, Ф, φ2) transform the specimen coordinate system into the crystal coordinate system.

Figure 2 .

 2 Figure 2.17 Stereographic projection of {001} poles of a cubic crystal: a) a cubic crystal in the unit sphere and the projection of {001} poles onto the equator plane; b) the {001} pole figure of the single crystal and related α and β angles for the (001) pole.
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 3 Figure 2.18 a) (100) pole figures and b) (111) pole figure of 95% cold rolled aluminum showing positions of several typical orientations. (The {123}<412> orientation indicated in the figure has been replaced by {123}<634> nowadays.)[START_REF] Grewen | Recrystallization of Metallic Materials[END_REF] 

Figure 2 .

 2 Figure 2.19 Schematic of the Al rolling texture in the first subspace of three dimensional Euler angle space.(Hirsch et al. 1988) 

  be reduced by b. This leads to the yield stress reduction and promotes the following dislocations to glide on the same plane. When n dislocations have glided on a slip plane, the average particle is completely sheared off and ∆𝜏 = 0 if n b = d. Therefore, the shearing of particles would lead to severe slip concentration as shown in Fig.2.21. In contrast, a more homogeneous slip would be carried out in materials containing non-shearable particles.
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 2 Figure 2.21 Sketch illustrating that (b) shearable particle lead to (d) slip concentration;

Figure 2 .

 2 Figure 2.22 TEM images illustrating parallel bands composed of dislocations passing through the shearable precipitate in deformed AA6111 alloys: (a) low magnification and (b) higher magnification. (Poole et al. 2005)

Figure. 2

 2 Figure. 2.23 TEM micrographs illustrating (a) the formation of regular dislocation cells in the Al-0.1Mg alloy and (b) the absence of a cell structure in the Al alloy containing non-shearable precipitates.(Apps et al. 2005) 

Figure 2 .

 2 Figure 2.24 A high-resolution EBSD map showing the region (PDZ) around a large particle in deformed AA8079 alloy. High density of high angle grain boundaries with misorientations given in degrees are developed in the PDZ. (Low and high angle grainboundaries are shown as white and black lines, respectively.)(Apps et al. 2003) 

Figure 3 . 1

 31 Figure 3.1 Illustration of the experimental procedure of Al-Sc alloys and Al-TiB2 composites.

  2wt.%Sc alloys were electrolytically polished on a microprocessor-controlled Struers LectroPol-5 electrolytic polishing machine. The electrolytic polishing is conducted at 20℃ for 12 seconds with the tension voltage of 40 volts. Electrolyte is a 60% perchloric acid + 40% water solution. After polishing, the samples were rapidly immersed into deionized water to dilute the acid solution and ultrasonically cleaned in ethanol. The cleaned samples were used for EBSD characterization. Ion-beam polishing was utilized to further polish the mechanically polished Al-5wt.%TiB2 composites in order to avoid the falling of TiB2 particles during electrolytic polishing.

Figure 3 . 2

 32 Figure 3.2 Thin rolled samples bolted by two aluminium layers

  velocity and 𝐸 𝑘𝑖𝑛 is the kinetic energy of the particles. The diffraction of these radiations in the crystal lattice follows the Bragg law that the lattice plane { ℎ𝑘𝑙} can reflect the radiations with Bragg angle 𝜃 𝐵 depending on the wavelength (λ) and lattice spacing (d) (Bragg William et al. 1913): λ = 2d sin𝜃 𝐵 .

  electrons will backscatter near to the Bragg angle and diffract to generate Kikuchi bands. The Kikuchi bands are corresponding to the diffraction lattice plane, which can be indexed by their Miller indices. And the crystal orientation can be revealed from the diffraction pattern. When combining an energy dispersive X-ray spectroscopy (EDS) with EBSD, it is possible for us to simultaneously to characterize the phase and microstructure of a selected region.In this thesis, a scanning electron microscope Zeiss Supra 55 VP equipped with a Hikari TSL -EDAX EBSD system was employed to analyze the microstructure and microtexture of Al-Sc alloys after cold rolling. The results were treated by OIM Analysis software with "Clean up" function used to remove noises. An FEI NOVA NanoSEM 230 scanning electron microscope equipped with an Oxford AZTec HKL Max EBSD detector was utilized to characterize the microstructure and texture evolution of Al-TiB2 composites after cold rolling. Channel 5 software was utilized to analyze these results. The EBSD maps were recorded with step sizes ranging from 0.1 to 0.25 μm in order to characterize structures with small sizes.

  mechanism of shear band (SBs) formation in cold rolled Al-0.2 wt. % Sc alloys at different precipitation states after cold rolling was studied by combining techniques of transmission electron microscopy (TEM), electron backscatter diffraction (EBSD) and neutron diffraction. Large original grains (approx. 5mm) were designed to observe the fine SB structures after deformation. Fine shearable Al3Sc precipitates were observed to promote the formation of SBs by inhibiting the dynamic recovery. The SBs had a strong orientation dependency that was merely observed in grains of S and Copper orientations. SBs in S orientation grains possessed an orientation close to R, while the SBs in Copper orientation grains had an orientation close to D. A mechanism was proposed that a sudden change of slip path during deformation led to flow localization and then contributed to the formation of SBs. The inclination angles of SBs and impacts

  Al-0.2 wt. % Sc alloys were solution treated at 630 °C for 72 h and waterquenched. The solution treated sheets were aged at 300 °C (sample SA1), 425 °C (sample SA2) and 475 °C (sample SA3) for 1 or 3 h to introduce precipitates of different size into the matrix. Detailed information of each sample is listed in Table4.1. Cold rolling at room temperature to 95 % reduction was performed on the samples subsequently. Specimens parallel to the rolling direction (RD)normal direction (ND) and transverse direction (TD) planes were cut from the center sections of the asdeformed sheet. TEM observations were performed by an FEI Tencai G2 transmission electron microscope equipped with a Nanomega Astar precession and a Noran X-ray energy-dispersive spectrometry systems (EDS) operating at 200 kV. TEM thin foils were prepared by mechanical polishing followed by ion milling. Scanning electron microscope Zeiss Supra 55 VP equipped with a Hikari TSL-EDAX electron backscatter diffraction system (EBSD) was employed to characterize the local microstructure and texture distribution in the RD-ND plane. Samples for EBSD characterization were prepared by mechanical polishing and additional electrolytic polishing to obtain a strain-free surface. The EBSD maps were recorded with step sizes ranging from 0.1 to 0.25 μm. "Cleanup" function has been used in the EBSD analysis so as to remove noise. Macroscopic texture measurements were carried out at laboratory CMRR, Institute of Nuclear Physics and Chemistry, Mianyang, China using neutron diffractometer Kylin with a wavelength of 0.231 nm. Specimens cut from the middle sections of rolling sheets were stacked to form 1x1x1 cm 3 cube volume. Three individual (1 1 1), (2 0 0) and (2 2 0) pole figures were measured for each sample which correspond to 5 ° step along the azimuthal and polar angles, the orientation distribution functions (ODF) were calculated using the discrete arbitrarily defined cells (ADC) method developed by Pawlik et al.(Pawlik et al. 1991) No precipitates are observed in SA1 (Fig.4.1a-c), however high density of coherent Al3Sc precipitates are dispersed homogenously throughout the SA2 (Fig.4.1d-f) and SA3 (Fig.4.1 g-i). Based on TEM analysis, the precipitates in SA2 possess an average radius about 6 nm and an inter-particle spacing around 62 nm. Larger particles were observed in SA3 with an average radius of 11 nm and inter-particle spacing around 118 nm. Recovered dislocation cells are detected in SA1 (Fig.4.1 a&b), while no dislocation cells are found in SA2 and SA3. Instead, non-uniform dislocation tangles pinned by precipitates are widely distributed in SA2 (Fig.4.1d-f). Both non-uniform dislocations (Fig.4.1g) and half-formed dislocation cells with boundaries pinned by precipitates (Fig.4.1h) are discovered in SA3. As discussed in previous reports, the formation of dislocation cells is the result of dynamic recovery, which would be inhibited by dispersed precipitates when the inter-precipitate spacing is too small (< 100 nm)[START_REF] Lloyd | The structure and properties of some heavily cold worked aluminum alloys[END_REF], Apps et al. 2005). In addition, planar slips in the form of parallel-arranged dislocations are found inSA2 and SA3 (Fig. 4.1e&h). Three sets of planar slips with different slip directions are observed in SA2 (Fig.4.1e), and single set of planar slips is observed in SA3 (Fig.4.1h). The occurrence of the planar slips is due to the existence of coherent Al3Sc precipitates with an ordered atomic structure, which are sheared by dislocations during deformation(Gerold et al. 1989). Once a dislocation has sheared the precipitate, the subsequent dislocations tend to glide on the same plane and further shear the precipitate due to the reduced resistance(Starke et al. 1981).

Figure 4

 4 Figure 4.1 TEM images of samples after deformation showing the different precipitate states of three samples: a-c) SA1, d-f) SA2, and g-i) SA3. a-b) Dislocation cells are

Figure 4

 4 Figure 4.3 IQ maps of different samples after cold rolling to 95% reduction: a) no shear bands (SBs) observed in SA1; b) distinct SBs appeared in SA2 (located in S1 (1 ̅ 32) [6 ̅ 4 ̅ 3] and S2 (321 ̅ )[43 ̅ 6] oriented grains); c) weak SBs observed in SA3.

Figure 4

 4 Figure 4.4 EBSD maps showing the texture components and orientation dependency of SBs: a) some D oriented coarse bands observed in C-oriented grain; b) significant SBs of R orientation developed in S-oriented grains; c) some SBs of D orientation observed in C-oriented grains. Gains with the same colour means they have the same texture orientation with applying orthotropic symmetry.
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 45 Figure 4.5 Detailed a) IQ map and b) texture map exhibiting the SBs located in S grains observed in SA2; c) {111} pole figures of regions along scanning lines L1 and L2 showing that the SBs inside S1 grain has the orientation of R1; d) pole figures of regions along scanning lines L3 and L4 showing that the SBs inside S2 grain has the orientation of R2; Stereographic projection of the e) S1, R1, f) S2, R2 orientations and their slip systems.

Figure 4 . 6

 46 Figure 4.6 Detailed a) IQ map and b) texture map exhibiting the SBs located in C grain observed in SA3; Stereographic projection of the c) C and d) D orientations and their slip systems; e-j) pole figures of scanning lines L1-L6 showing the orientation changes between two SBs.

  novel slip system in R1 and R2 forms an inclination angle of 28 o to the RD (as illustrated in Fig.4.7), and leads the matrix to rotate towards the opposite directions.

Figure 4 . 7

 47 Figure 4.7 Schematic representation of the slip systems and of the shear planes for SBs formation in a) S1 and b) S2 grain.

Figure 4 . 8

 48 Figure 4.8 Schematic representation of the a) activation of both CP and CD slip systems in C grain; b) the shear planes for SBs formation C grain, CP slip pronounced in SBs with D orientation and CD slips pronounced in regions between two SBs.

  ) [001] and Brass (101 ̅ ) [1 ̅ 21 ̅ ] under the Tucker's stress state are plotted in the stereographic projection (Fig. 4.9). In Goss orientation grain (Fig. 4.9a), two CP slip systems, (111) [011 ̅ ], (111) [101 ̅ ] and (111 ̅ ) [011], (111 ̅ ) [101], with the same highest Schmid factor of 0.82 are activated. The former CP pairs lead the crystal to rotate towards the negative direction around TD, while the latter lead the crystal to rotate toward positive direction around the same axis TD. Besides, similarly in Brass orientation grain (Fig. 4.9b), two slip systems, (11 ̅ 1 ̅ ) [011 ̅ ] and (111 ̅ ) [11 ̅ 0], with thehighest Schmid factor of 0.82 lead the grain to rotate around the same axis but the opposite directions. As can be seen, slips occur symmetrically and homogeneously on two planes in both Goss and Brass orientation grains(Morii et al. 1985). The precondition of new slip activation or deformation path change, which is necessary for the SBs formation, is absent in these two orientations. Thus, few SBs occur in these two orientations.

Figure 4 . 9

 49 Figure 4.9 Stereographic projections of the a) G orientation and b) Brass orientation and the symmetrical slips in these two orientations

  4.1), dislocation cells are observed in SA1 due to the dynamic recovery. While in SA2, non-uniform dislocation tangles pinned by precipitates are observed instead of recovered dislocation cells (Fig. 4.1d). The interaction between dislocations and precipitates are shown in Fig. 4.1f that highdensity dispersed precipitates have significantly hindered the movement of dislocations. In SA3, the pinning effects of Al3Sc are reduced (Fig. 4.1i) compared to SA2. Half-formed dislocation cell with boundary pinned by precipitates is observed in SA3.

  4.4a), parallel bands of D orientation distributing inside Copper grain are also observed (Fig. 4.4a&4.10b). The pole figures (Fig. 4.10c-f) along these bands indicate that the orientation changes between these D bands behave in a manner analogous to the D-oriented SBs observed in SA3 (Fig. 4.6). It demonstrates that similar deformation behaviours have occurred in Copper orientation grains in SA1. However, the occurrence of SBs has been suppressed due to the dynamic recovery developed in SA1.

Figure 4 .

 4 Figure 4.10 Detailed a) IQ map and b) texture map showing the D oriented band inside of the C grain observed in SA1; c-f) pole figures of scanning lines L1-L4 showing the orientation changes besides the D orientation band

Figure 4 .

 4 Figure 4.11 Detailed a) IQ map and b) texture map showing one SB consisting of dislocation lamellars crossing C and S grains without significant microstructure change

  Figure 4.S1 Slip band pattern on longitudinal section of (211) [1 ̅ 11] crystals rolled at room temperature to (a) ε = 0.45, (b) ε = 0.60, (c) ε = 0.92, (d) ε = 1.30 (Nakayama et al. 1987).

  Therefore, it is of great interest to ascertain the factors affecting the stability of Cube orientation in the deformed states. Several factors have already been demonstrated by former researchers. High deformation temperature was found to favor the residual of Cube orientation, as Maurice and Driver suggested that the development of non-octahedral slip at elevated temperatures in Al could stabilize the Cube orientation (Maurice et al. 1993). Stacking fault energy was found to affect the stability of Cube orientation in Hirsch and Lücke's work that residual Cube orientation was

  figures were measured for each sample with 5° step size along the azimuthal (0-360°) and polar angles (0-90°). Local microstructure and texture were characterized through a scanning electron microscope Zeiss Supra 55 VP equipped with a Hikari TSL -EDAX EBSD system at a step size of 0.25 μm.

Figure 5

 5 Figure 5.1 TEM images of the different precipitate states in two samples: a) dislocation cells in A1 without precipitates; b) coherent nano Al3Sc precipitates in A2; c) Al3Sc precipitates sheared by dislocations and planar dislocation configurations in A2; d)

Figure 5

 5 Figure 5.2. a) ODF figure with 𝜑2 = 0 o , 25 o and 45 o of Al-0.2wt%Sc samples aging at different temperatures; b) Orientation intensity f(g) along the line of 𝜑1 = 𝜑2 = 0 o

Figure 5

 5 Figure 5.3. EBSD map of A2 depicting the deformed Cube and RD rotated Cube orientation bands located between the grains of typical rolling texture orientations. High angle grain boundaries (>15 o ) were presented as black lines.

  5.4a), significant rotations of Cube orientation around <0 0 1> // RD occur. The misorientation distribution of grains with different orientations in the full EBSD map is plotted in Fig. 5.4b. It demonstrates that the general misorientation range of Cube orientation is smaller than other orientations: Chapter 5 Cube orientation bands observed in largely deformed Al-Sc alloys containing shearable precipitates 94 the misorientation below 3.6° in Cube orientation grains is 74%, while this value is reduced to 53% in RCRD orientations and further decreased to 45% in Brass and S orientations. This result indicates that the Cube orientation grains are less deformed than grains in other orientations. Hence, it could be inferred that the RCRD orientation bands arise from the Cube orientation bands rotating around RD axis, and the Brass and S orientation grains are formed by further rotations 5.4 Discussion As the rotation around RD is found in Cube orientation, it is necessary to consider the rotation behavior of Cube orientation during cold rolling. Due to its high symmetry and disposition of slip systems, Cube orientation is a metastable orientation during cold rolling. Under the condition of cold rolling, only four slip systems with the highest Schmid factor of 0.41 could be activated during the deformation: -a2 (111) [101 ̅ ], -b2 (1 ̅ 1 ̅ 1) [1 ̅ 01 ̅ ], -c2 (1 ̅ 11) [1 ̅ 01 ̅ ], and -d2 (11 ̅ 1) [101 ̅ ]. These four slip systems are composed of two co-directional slips systems with {-a2, -d2} slip along bA = [101 ̅ ] and {-b2, -c2} slip along bB = [1 ̅ 01 ̅ ]. Based on the kinematics of crystal plastic deformation,

  c2}) could hardly be eliminated due to the inhibition of cross-slip, and the Cube orientation rotated around RD axis would be promoted. It can be inferred that since the shearing of Al3Sc precipitates has inhibited the cross-slips in sample A2, the Cube deformation bands rotated around RD axis towards RCRD orientation and formed RCRD deformation bands. Comparatively, cross-slip has developed in A1 as it is the driven factor of the formation of dislocation cells (Fig. 5.1a).

  5. 2), RCND orientation {0 0 1} <1 1 0>) is observed in sample A2, which is an intermediate orientation rotating around the TD axis towards Copper orientation during the rolling deformation (Akef et al. 1991). In contrast, only the Copper orientation is observed in sample A1 and a stronger rolling Chapter 5 Cube orientation bands observed in largely deformed Al-Sc alloys containing shearable precipitates 97 texture with higher maximum intensity is developed in sample A1 (Fig. 5. 2). Therefore, it is suggested that the existence of shearable Al3Sc precipitates have slowed down the development of rolling texture in Al-Sc alloy by the suppression of cross-slips. In addition, due to the retardation of texture development, obvious residual deformed Cube and RCRD orientation bands are retained in the Al-Sc alloy containing shearable precipitates.

Figure 6

 6 Figure 6.1 SEM images showing the distribution and morphology of TiB2 nanoparticles in the TiB2/Al composite before rolling: (a) (b) TiB2 particles aggregated along the grain boundaries forming particle-clusters; (c) fine TiB2 particles relatively homogeneously distributed inside the Al grains; (d) TEM bright-field image showing local TiB2 particle-clusters

Figure 6 . 3

 63 Figure 6.3 The distribution of small submicrometer sized grains around the TiB2 particle-clusters at the different strain states: (a) ε = 0.9, (b) ε = 1.4, (c) ε = 2.3, (d) ε = 3.0, TiB2 particles are indexed as dark contrasts.

Figure 6

 6 Figure 6.4 EBSD maps showing grain boundaries distribution in deformed TiB2/Al composite on RD-ND plane at different strains, TiB2 particles are indexed as red. Green lines represent LABs (< 15 o ), black lines represent HAGBs (> 15 o ) and red color represents detected TiB2 particles.

Figure 6 . 5 Figure 6 . 6

 6566 Figure 6.5 The fractions of high angle grain boundaries (HAGB %) of the Al-0.1Mg alloys (Jazaeri et al. 2004) and TiB2/Al composites as a function of strain levels. Red circle and blue triangle dots represent cold-rolled Al-0.1Mg alloys with initial grain size of 11 and 314 μm, respectively (Jazaeri et al. 2004); and black square dots represent TiB2/Al composite with initial size around 100μm.

Figure 6

 6 Figure 6.7 (a) A typical region in TiB2/Al composite at the strain of ε = 2.3 showing the distribution of low and high angle grain boundaries. (b) Misorientation profiles along the indicated directions. Black lines represent HAGBs, green lines represent LABs and white zones represent TiB2 particle-clusters. Linescans were used to show the misorientation gradient in different regions.

  rolling sheets were stacked to form 1x1x1 cm 3 cube volume. Neutron diffraction texture measurements were carried out at the Laboratoire Léon Brillouin (Saclay/ France) on the four circles diffractometer 6T1. The tilt angle varied from 0 ° to 90 ° and the azimuth angle from 0 ° to 360 ° with step size of 5 °. For each sample, three pole figures, namely {1 1 1}, {1 0 0} and {1 1 0}, were measured. From the pole figures, the orientation Chapter 7 Cold rolling texture evolution of TiB2 particle reinforced Al-based composites by Neutron Diffraction and EBSD analysis 130 distribution functions (ODF) were calculated by the Arbitrarily Defined Cells method (K. Pawlik.1986). The orientations g were expressed by a triplet of Euler angles (φ1,Φ,φ2), which related the cubic crystal frame to the orthotropic sample frame given by the RD, TD (transverse direction), ND of rolling sheet. The texture index merely indicates the trends in texture evolution. And the volume fraction of texture component was given by the integration method. The Fvol volumes of different texture components were calculated within 15 ° of divergence (Δφ1=Δφ2=ΔΦ=15°). During the calculation, the ODFs were divided among the overlapping orientations. Characterization by Neutron Diffraction Texture developments of the cold-rolled TiB2/Al composites were investigated by Neutron Diffraction as a function of rolling strain. Three-dimensional orientation distribution functions (ODFs) were used to analyze the texture development. The typical rolling textures of Al alloys at low strains were found to concentrate along two fibers: 𝛼-fiber ranging from Goss orientation {110} <011> to Brass orientation {110} <112>, and 𝛽-fiber ranging from Brass orientation to S orientation {123} <634> and ending at Copper orientation {112} <111> (Hirsch et al. 1988, Engler et al. 1989). The ODF sections at φ2=0 o , 45 o and 65 o were obtained from Neutron Diffraction results at different strains (Fig. 7.1). The positions of Copper, S, Brass and Goss orientations at various strains were highlighted. As it can be seen, the sharpness of Goss component kept shrinking with strain increasing, while the intensity of other three components kept growing.

Figure 7 . 1

 71 Figure 7.1 Complete neutron diffraction ODFs of f.c.c. rolling texture in TiB2/Al composites at the strains of 0.9, 1.4, 2.3 and 3.0

Figure 7 . 3

 73 Figure 7.3 Texture volume fractions as a function of rolling strain

Figure 7

 7 Figure 7.4 SEM results showing (a) (b) TiB2 particles aggregated around grain boundaries, (c) small TiB2 particles dispersed inside Al matrix; (d) TEM result showing individual TiB2 particle

Figure 7

 7 Figure 7.5 EBSD maps showing the texture components distribution in TiB2/Al composites at different strains: black color represents TiB2 phase, different texture components were distinguished by different colors.

Figure 7 . 6

 76 Figure 7.6 Selected out (a) regions around particle-clusters and (b) regions away from particle-clusters of sample at the strain of 3.0; (c-f) ODFs of regions around particleclusters in samples at different strains; (g) ODFs of regions away from particle-clusters at the strain of 3.0, and (h) ODFs of the whole map at the strain of 3.0.

Figure 7 . 7

 77 Figure 7.7 The EBSD maps showing the recrystallization nuclei in composites at different strains: (a) 0.9, (b) 1.4, (c) 2.3 and (d) 3.0. The recrystallized nuclei were shown as green color, TiB2 particles are shown as black, high angle grain boundaries with misoriention > 15 o are shown as black lines.

  7.5d) was divided into several subsets, and each subset contained one major texture that was the first one consisted of Brass-orientation grains, the second one consisted of Copper-orientation grains, and the third one consisted of S-orientation grains. Three {001} Al pole figures of these subsets were depicted in Fig. 7.9a-c and the {0001} TiB2 pole figures of the fine TiB2 particles dispersed within these subsets were also shown in Fig. 7.9d-f correspondingly. At least 300 TiB2 particles have been summarized in each pole figure, which ensured sufficient data to obtain reliable results. Comparing the orientation of Al and TiB2 in the same subset (Fig. 7.9a&d, b&e, c&f), it could be easily seen that the {0001} plane of fine TiB2 particles is parallel with the {001} plane of Al in Copper and Brass orientation, while this parallel relationship was not that obvious in Chapter 7 Cold rolling texture evolution of TiB2 particle reinforced Al-based composites by Neutron Diffraction and EBSD analysis 138 S orientation. Similar results have also been found in the three other samples at lower strains.

Figure 7 7

 7 Figure 7.9 {100} Al pole figures of different texture components (a) Brass, (b) Copper, (c) S; and {0001} TiB2 pole figure of TiB2 particles dispersed within Al grains with different orientations: (d) Brass, (e) Copper, (f) S; at the strain of 3

  while the B orientation turned to be the weakest component. As the TiB2 particles distributed inside of pure Al matrix could not be cut through by dislocations, homogeneous deformation took place. This homogeneous deformation approached the full constraints (FC) Taylor-type theory of polycrystalline plasticity which required five active slip systems and developed a pronounced C orientation at high strains. Similar Chapter 7 Cold rolling texture evolution of TiB2 particle reinforced Al-based composites by Neutron Diffraction and EBSD analysis 139 results of C orientation dominated 𝛽-fiber were also observed in pure Al and Al-based

  grain-orientations extended from Brass to ND rotated Cube orientation were observed in other three samples. Preferred orientations around Copper and S orientations were also observed in all the samples. The three typical rolling textures (Brass, Copper, and S) might stem from the broken parts of elongated grains which have retained the Chapter 7 Cold rolling texture evolution of TiB2 particle reinforced Al-based composites by Neutron Diffraction and EBSD analysis 140 original orientation. Nevertheless, the Cube and ND rotated Cube orientations were

Figure 7 .

 7 Figure 7.10 Texture components distributed a) in a typical region around particleclusters and b) along grain boundaries; (c-d) ODFs of recrystallization nuclei at different strains

2.

  Copper orientation developed to be the dominant texture component at high strains. The deformation mechanism of Al/TiB2 composites containing non-shearable particles approximated to the "full constraints" of Taylor model.3. Plenty of recrystallization nuclei with average misorientation under 1.5 o were observed in PDZs. These nuclei have weak preferred orientations including several common recrystallization texture components.4. Small TiB2 particles within Al matrix kept the parallel relationship with surrounding Al matrix during cold rolling, which indicated that the small particles have probably rotated together with the surrounding matrix.Chapter 8 Conclusion and Discussion8.1 ConclusionThe advances in aerospace and industrial engineering have raised more severe requirements on the weight-strength ratio of the structural materials. Among the candidates, the Al-Sc alloys and Al-TiB2 composites have been developed extensively to achieve higher materials strength with lighter weight. As introduced in Chapter 1, the hardening effects of nanoparticles and precipitates have played a significant role in improving strength of Al matrix. In this thesis, Al-0.2wt.%Sc alloys and Al-5wt.%TiB2 composites are employed to investigate the effects of nanoparticles on the microstructure and texture evolution after cold rolling. The basic characters of these two alloys and the plastic deformation mechanisms of Al-based materials are introduced in Chapter 2. Al-0.2wt.%Sc alloys contain homogeneously dispersed shearable Al3Sc nanoprecipitates with the size ranging from several to tens of nanometers. Al-5wt.%TiB2 composites contain heterogeneously distributed nonshearbale TiB2 nanaoparticles that the majority aggregated along grain boundaries to form large particle-clusters in micrometers and the rest small particles with the size less than 100nm dispersed inside Al grains. In Al alloys of high SFE, the plastic deformation is driven by the dislocation slipping. The microstructure and crystallographic texture are also developed based on dislocation behaviors. When introducing nanoparticles into the matrix, the interactions between nanoparticles and dislocations have a great influence on dislocation behaviors. These interactions depend mainly on the size, distribution and shearability of nanoparticles. Therefore, it is of interest to investigate the effects of nanoparticles with different characters on the dislocation slipping and microstructures. Al-0.2wt.%Sc alloys and Al-5wt.%TiB2 composites representing Albased materials containing shearable and non-shearable nanoparticles respectively are fabricated as stated in Chapter 3. TEM, EBSD and Neutron Diffraction are utilized to characterize the microstructure and crystallographic texture of two materials after cold rolling. Chapter 4 and 5 show the microstructure and crystallographic texture evolution of Al-0.2wt.%Sc alloys with different nanoprecipitation states after cold rolling to 95%. A mechanism of the occurrence of shear bands (SBs) is revealed in Chapter 4. The shearing of Al3Sc nanoprecipitates by dislocations promotes local softening and inhibits the dynamic recovery, which provides the preconditions for the formation of SB. The generation of SBs is orientation dependent that they are only observed in Copper and S orientation grains (two of the most typical rolling texture component of Al alloys), with the SBs of D and R orientation, respectively. We proposed that the formation of the SBs results from the strain localization caused by a sudden slip path change and inhibition of dynamic recovery. Under Tucker's stress state, only one slip system is activated in S orientation grain and leads the matrix to rotate towards R orientation. As reaching R orientation, a latent slip system starts to activate and leads the matrix to rotate back to the S orientation. The interactions between these two slip systems and the inhibition of dynamic recovery lead to flow localization and the generation of SBs in S orientation grains. In addition, four slip systems (CD pairs and CP pairs) are activated in Copper orientation grains, with these two pairs of slips leading the matrix to rotate towards opposite directions. Due to the strength imbalance of the two pairs of slips, the CP pairs dominate inside SBs while the CD pairs dominate in the regions between SBs. The change of slip path from CP to CP slips combined with the inhibition of dynamic recovery results in strain localization and encourage the generation of SBs in Copper orientation grains. Chapter 5 demonstrates the retarded development of the rolling texture in Al-Sc alloys as the cross-slips are impeded by the shearable Al3Sc nanoprecipitates. Obvious deformation bands of Cube and RCRD orientations are observed in Al-Sc alloys after cold rolling to 95%, despite the fact that these two orientations are rarely detected at high strain state. Since the Cube orientation bands in the deformed states are the potential nucleus of Cube recrystallization grains, this result can be referred to during the recrystallization process of Al alloys. Chapter 6 and 7 investigate the microstructure and crystallographic texture evolution of Al-5wt.%TiB2 composites after cold rolling to different thickness reductions. Two types of TiB2 nanoparticles are observed in Al-5wt.%TiB2 composites: TiB2 nanoparticle-clusters located at grain boundaries and dispersed TiB2 nanoparticle within Al grains. As dislocations cannot bypass the TiB2 nanoparticle-clusters, high density of dislocations are rapidly generated around them thus significantly accelerate the local grain refinement. Plenty of recrystallization nuclei with average misorientation under 1.5 o are generated in plastic deformation zones (PDZs), which leads to a considerable volume fraction reduction of rolling texture in Al-TiB2 composite. The dispersed non-shearable TiB2 nanoparticles have an obvious pinning effect on the movement of dislocations. This pinning effect has impeded the development of dislocation cells and further retarded the formation of high angle grain boundaries. The grain boundary movement of the recrystallized small grains has also been blocked by TiB2 nanoparticles which has limited the growth of recrystallized grains in the surrounding of the TiB2 nanoparticle-clusters. Besides, non-shearable TiB2

  nanoparticles. Due to the pinning effects, both the dispersed nanoprecipitates and nanoparticles (size ranging from several nanometers to 100nm) with small spacing (usually smaller than 100nm) have been observed to suppress the dynamic recovery of dislocation debris. Besides, in Al-Sc alloy with shearable Al3Sc nanoparticles, dislocations shear the fine precipitates of several nanometres effortlessly. Once the first dislocations passed through the precipitate, the following dislocations would tend to glide on the same slip plane. This resulted in a significant reduction of cross-slips as dislocations have no needs to bypass the nanoprecipitates, which further contributes to the suppression of dynamic recovery. Since the smallest units of deformation structures in Al alloys, dislocation cells, are generated through the dynamic recovery of dislocations. Therefore, few dislocations cells are observed in the matrix containing dispersed Al3Sc nanoprecipitates and TiB2 nanoparticles. The suppression of dislocation cells would reduce the generation of high angle grain boundaries, which impedes the grain refinement.8.2.2 Retardation of the development of rolling texturesBoth shearable Al3Sc nanoprecipitates and non-shearable TiB2 nanoparticleclusters are found to decelerate the development of rolling texture to some extent. In Al-Sc alloy containing shearable Al3Sc nanoprecipitates, due to the inhibition of crossslip, the development of rolling texture is slowed down, which can be confirmed by the observation of residual deformed Cube orientation (a typical recrystallization orientation) bands in highly deformed Al-Sc alloys. In Al-5wt.%TiB2 composite containing non-shearable TiB2 nanoparticle-clusters, high density of dislocations is rapidly generated around the nanoparticle-clusters resulting in the dynamic recrystallization in PDZs. These randomly oriented recrystallization nuclei lead to considerable grain refinement and volume fraction reduction of rolling texture.

2.

  Introducing other alloying elements into Al-Sc alloys and Al-TiB2 composites to develop materials with improved mechanical properties, and investigating the nanoparticle hardening effect in more complex circumstance. 3. Conducting recrystallization treatment on the deformed materials to investigate the effects of nanoparticles during the recrystallization process, especially the impacts on the development of recrystallization texture. Investigating the recrystallization behaviours of the regions inside SBs and also the small grains in PDZs. 4. Evaluating the exact nanoparticle spacing below which can successfully inhibit the generation of dislocation cells. And its effects on the grain refinement. 5. Verifying the idea that small non-shearable particles have rotated together with the surrounding matrix during deformation using high-resolution TEM and STEM. Résumé Les effets des nanoparticules (cisaillables et non-cisaillables) sur l'évolution microstructurale et l'évolution de la texture cristallographique de deux alliages à base d'aluminium après laminage à froid ont été étudiés dans cette thèse. Un alliage Al-Sc contenant des nanoparticules cisaillables de Al3Sc et un composite Al-TiB2 contenant des nanoparticules non-cisaillables TiB2 sont étudiés. Les nanoparticules Al3Sc sont dispersées de manière homogène dans la matrice d'Al avec des tailles allant de quelques nanomètres à plusieurs dizaines de nanomètres. La majorité des particules TiB2 sont agrégées le long des joints de grains pour former des grappes de particules d'une taille voisine de plusieurs micromètres, tandis que les autres sont dispersées dans une matrice d'Al d'une taille voisine de plusieurs dizaines de nanomètres. La microscopie électronique en transmission (MET), la diffraction d'électrons rétrodiffusés (EBSD) et l'analyse de la texture par la diffraction de neutrons sont utilisées pour caractériser le développement de la microstructure et la texture cristallographique lors du laminage à froid des 2 alliages. Différents effets de nanoparticules ayant différents caractères tels que la capacité de cisaille (cisaillables et non-cisaillables), la taille et la distribution sont discutés et comparés. La restauration dynamique pendant le laminage a été inhibée dans la matrice contenant des nanoparticules Al3Sc cisaillables et TiB2 non-cisaillables. En raison des effets de blocage, il a été observé que les nanoparticules dispersées et les nanoparticules (taille allant de quelques nanomètres à 100 nm) avec un faible espacement (généralement inférieur à 100 nm) inhibaient la restauration dynamique des débris de dislocations. En outre, dans l'alliage Al-Sc avec des nanoparticules Al3Sc pouvant être cisaillées, les dislocations cisaillent sans effort particulier les particules de plusieurs nanomètres. Une fois que les premières dislocations ont traversé un précipité, les dislocations suivantes auraient tendance à glisser sur le même plan de glissement. Il en résulte en outre la suppression de glissement croix et la récupération dynamique. Étant donné que les cellules de dislocation sont générées via la restauration dynamique des dislocations. Par conséquent, peu de cellules de dislocations sont générées dans ces matrices. Étant donné que les cellules de dislocations constituent la microstructure de déformation la plus fine dans les alliages d'aluminium déformés, l'affinement total des grains a été retardé dans les alliages contenant des nanoparticules. Le développement de la texture de laminage est retardé par les nanoparticules cisaillables Al3Sc ou les particules TiB2 non-cisaillables. Dans les alliages Al-Sc contenant des nanoparticules Al3Sc, en raison de l'inhibition du glissement transversal, le développement de
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  in which 𝑛 𝑗𝛽 and 𝑏 𝑖 𝛽 represents the unit normal vector to the slip plane and the normalized slip vector of the β th slip system; 𝑟 1 , 𝑟 2 and 𝑟 3 represent the crystal rotation components about the sample axes RD, TD, and ND, correspondingly. From the rotation component 𝑟 1 , it can be seen the differences in shear amplitude between two codirectional slip systems ( 𝑑𝛾 𝑎 2 ≠ 𝑑𝛾 𝑑 2 , 𝑑𝛾 𝑏 2 ≠ 𝑑𝛾 𝑐 2 ) would lead to RD crystal rotation of Cube orientation. Nevertheless, cross-slips between co-directional slip

	Chapter 5 Cube orientation bands observed in largely deformed Al-Sc alloys
	containing shearable precipitates
	𝑟 3 = -∑	24 𝛽=1	𝛾 𝛽	𝑏 2 𝛽 𝑛 1 𝛽 = 0.
				95

2 

, systems {-a2, -d2} or {-b2, -c2} would occur easily during deformation and effortlessly repair the imbalance of shear amplitude between the two slips. As a result, the value of rotation component 𝑟 1 reaches zero, thus RD rotations are hardly observed in high SFE materials with pronounced cross-slips. On the other side, the imbalance of shear amplitude contributes to the 𝑟 2 component, which results in TD rotations as the major rotation behaviour of Cube crystals in high SFE materials such as Al alloys.

  Chapter 7 Cold rolling texture evolution of TiB2 particle reinforced Al-based composites by Neutron Diffraction and EBSD analysis 141 some around high angle grain boundaries. These nuclei have scattered orientations, while the Cube and rotate cube orientations displayed relatively higher densities compared with the other orientations. It indicated that considerable numbers of nuclei with recrystallization orientations (Cube and Rotated Cube) have been formed after cold rolling, which satisfied the first requirement of sufficient nuclei for the growth step of recrystallization. With recrystallization processing, the orientations with the highest growth rates developed to be the final recrystallization texture components. As the rate of high angle boundary movement in different orientations should be affected by the microstructure and strain state around nuclei, which turned out to be extremely complicated around particle-clusters. Further investigation of recrystallization process

la texture de roulement est ralenti, ce qui peut être confirmé par l'observation de bandes résiduelles déformées d'orientation "cube" (orientation de recristallisation typique) dans des zones fortement déformées dans l'alliages. Dans le composite Al-TiB2 contenant des grappes de nanoparticules TiB2, une densité élevée de dislocations est rapidement générée autour des grappes de nanoparticules, ce qui entraîne une recristallisation dynamique dans les PDZs (Particle Deformation Zones). Ces noyaux de recristallisation orientés de manière aléatoire conduisent à un affinement considérable des grains et à une réduction de la fraction volumique de la texture de laminage.De plus, le cisaillement de nanoparticules Al3Sc favorise le glissement en plan, ce qui conduit à une forte localisation des déformations et à l'apparition de bandes de cisaillement. La génération de bandes de cisaillement dépend de l'orientation et ne se produit que dans les grains d'orientation "Cuivre" et "S" et proche de "D" et "R", respectivement. Le changement soudain de la trajectoire de glissement et l'inhibition de la réstauration dynamique sont responsables de l'apparition de bandes de cisaillement. Les nanoparticules TiB2 non cisaillables ont probablement pivoté avec la matrice environnante, ce qui pourrait constituer un nouveau mécanisme de déformation plastique.
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Chapter 6 Microstructure study of cold rolling nanosized in-situ TiB 2 particle reinforced Al composites Published. Dan, C., Chen, Z., Ji, G., Zhong, S., Wu, Y., Brisset, F., Wang, H., Ji, V. Materials & Design. Vol. 130, 2017, 357-365. Nanosized TiB2 particle reinforced Al matrix composites, cold-rolled at the true strain levels in the range from 0.9 to 3.0, were characterized by scanning electron microscopy (SEM) and electron backscatter diffraction (SEM/EBSD) and transmission electron microscopy (TEM) in order to examine microstructure evolution associated with the different deformed states. Two types of TiB2 particle-distributions were observed, the majority of TiB2 reinforcement particles were agglomerated along the grain boundaries forming particle-clusters and the rest was dispersed inside the grains.

The TiB2 particle-clusters were found to improve local grain refinement by locally increasing the density of high angle grain boundaries (HAGBs). The small submicrometer sized Al grains were observed next to the TiB2 particle-clusters in which dynamic recrystallization mechanism was partially promoted. On the contrary, the presence of the fine TiB2 particles within the primary coarse Al grains generally led to the reduction of HAGBs by hindering the generation of dislocation cell structures and microshear bands during deformation.

Introduction

Particulate-strengthened metal matrix composites (P-MMCs) have been widely used in aerospace, automotive and manufacturing industries due to their remarkable mechanical properties, such as high strength, high hardness and high modulus (Ibrahim strain and the size of PDZ was found to be approximately identical compared with the particle size. Recrystallization nuclei have also been found to originate from the deformation zone after annealing treatment (Humphreys et al. 2004). Finally, for the alloy containing fine non-shearable particles (Humphreys et al. 2004, Apps et al. 2005), the dislocation movement would be pinned by small particles and the dislocation rearrangement would be restricted, which helped to make the slip relatively homogeneous and then retarded the generation of dislocation cells and hindered the formation of microshear band. T. Sakai et al. (Sakai et al. 2014) reported that fine nonshearable particles could also suppress the discontinuous dynamic recrystallization when the pinning force of particles exceeded the driving force for boundary bulge.

In the case of P-AMCs, most of the reinforcements are non-shearable particles, and the properties of P-AMCs are closely related to the size and distribution of particles.

In order to further understand the microstructure evolution and particle behaviors of P-AMCs during deformation, pure Al-matrix composites reinforced by in-situ nano TiB2 particles were cold-rolled to different strain states in this study. Scanning electron microscopy (SEM) and electron backscatter diffraction (SEM/EBSD) and transmission electron microscopy (TEM) were utilized to analyze the microstructure evolution during deformation. The effects of TiB2 particles on deformation mechanisms were investigated and discussed in comparison with the results of precipitates in Al alloys previously reported in the literature.

Experimental methods

The 5 wt.% in-situ TiB2 particle reinforced Al matrix composites were fabricated in State Key Laboratory Of Metal Matrix Composites, Shanghai Jiao Tong university (Dong Chen 2012). Highly pure Al (purity of 99.9 %) was chosen as the matrix material in order to minimize the possible effects of solution elements and precipitates on the analyzed results. Blocks were cut from the equal-axial grain region of solidified ingot, Chapter 6 Microstructure study of cold rolling nanosized in-situ TiB2 particle reinforced Al composites growth of recrystallized grains, the grain boundary was pinned by the TiB2 nanoparticle (Humphreys et al. 2004), which further led to fine recrystallized grains. Further, no recrystallized grains were observed inside the primary grains. The reasons could be two folds: 1) the deformation strain level in the intra-granular region

Chapter 7 Cold rolling texture evolution of TiB 2 particle reinforced Al-based composites by Neutron Diffraction and EBSD analysis

Published. Dan, C., Chen, Z., Mathon, M-H., Ji, G., Li, L., Wu, Y., Brisset, F., Guo, L., Wang, H., Ji, V. Materials Characterization. Vol. 136, 2018, 293-301.

Texture development of particle-reinforced metal matrix materials (P-MMCs) has not been understood well, especially the effects of second-phase particles during the deformation. In this work, we investigated the texture evolution of TiB2/Al composites during cold rolling by Neutron Diffraction and EBSD analysis. Two forms of TiB2 particles influenced the texture evolution in different ways. The particle-clusters aggregated along grain boundaries led to a reduction of texture volume fraction; recrystallization nuclei with weak texture appeared around these particle-clusters.

Small non-shearable TiB2 particles dispersed inside Al matrix contributed to strong

Copper texture component at high strains; the individual particles rotated together with Al matrix during the deformation. These revealed effects of particles on the texture development in TiB2/Al composites provide a reference for the texture control of P-MMCs.

Introduction

Texture is one of the key parameters dominating mechanical and physical properties of polycrystalline materials, such as toughness, yield function and formability [START_REF] Lian | Plastic behaviour and stretchability of sheet metals. Part II: Effect of yield surface shape on sheet forming limit[END_REF][START_REF] Engler | Texture control by thermomechanical processing of AA6xxx Al-Mg-Si sheet alloys for automotive applications-a review[END_REF][START_REF] Tong | Influence of deformation rate on microstructure, texture and mechanical properties of indirect-extruded Mg-Zn-Ca alloy[END_REF]. The texture development and evolution of face-centered cubic (FCC) metals during deformation and annealing have been investigated for several decades (Hirsch et al. 1988, Engler et al. 1989[START_REF] Bate | Microstructure and texture evolution in the tension of superplastic Al-6Cu-0.4Zr[END_REF][START_REF] Konkova | An EBSD investigation of cryogenically-rolled Cu-30%Zn brass[END_REF]. Various aspects have been found to determine the texture evolution of FCC metals. In the macroscope scale, stacking fault energy (SFE) is the primary factor to determine the deformation textures (Hirsch et al. 1988, Humphreys et al. 2004); while in the local range, different heterogeneities such as shear bands, twinning, and second phases contribute greatly to the texture development [START_REF] Hu | Texture of Metals[END_REF], Wagner et al. 1995, Ferry et al. 1996).
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In recent years, lightweight particle-reinforced Al matrix composites (P-AMCs)

have attracted increasing attention in both industrial and experimental fields due to their improved mechanical properties and broadly applications. [START_REF] Yang | Effect of multi-pass friction stir processing on microstructure and mechanical properties of Al3Ti/A356 composites[END_REF][START_REF] Selvakumar | Characterization of molybdenum particles reinforced Al6082 aluminum matrix composites with improved ductility produced using friction stir processing[END_REF] The texture evolution of P-AMCs based on the influences of second-phase particles has been widely investigated (Bowen et al. 1991[START_REF] Hansen | Effect of Whiskers and Small Particles on the Deformation and Recrystallization Texture of Aluminium[END_REF][START_REF] Poudens | Influence of microstructures and particle concentrations on the development of extrusion textures in metal matrix composites[END_REF] as the texture-related properties are indispensable for the materials applications. Previous works have shown that the effects of particles in P-AMCs and non-shearable precipitates in Al-based alloys on texture development were undistinguishable. In matrix containing small non-shearable particles [START_REF] Hu | Texture of Metals[END_REF]),the uniformly deformed area decreased from grain size to inter-particle spacing. As a result of the homogenized deformation, this reduced deformed area would lead to texture enhancement. In matrix containing large particles, lattice rotation would occur around the particles owing to heterogeneous deformation. These rotated lattice were generally recognized as particle deformation zones (PDZs). The orientations of these rotated grains within PDZs spread in a large range and led to texture weakening (Bowen;et al. 1991). The PDZs were also regarded as ideal sites for recrystallization nuclei (Humphreys et al. 2004). Besides, the characters of particles could influence the relative intensity of different rolling textures as well. Lücke and Engler (Lücke et al. 1990) reported that shearable precipitates led to the formation of shear bands by inducing slip localization which resulted in a significant increase of B orientation; while the nonshearable particles led to homogeneous deformation which developed a sharper Copper orientation. All these observations have illustrated some effects of both large particles and small particles on the texture development of Al-based alloys and composites.

However, the states of particles in P-AMCs were usually much more complicated than alloys containing a single form of particle. Majority of the particles in P-AMCs preferred to aggregate along grain boundaries to form particle clusters, while the rest remained inside the Al matrix (Dan et al. 2017). The influences of these two types of particles, especially those which aggregated along grain boundaries should be different to the normal particles dispersing inside the matrix. In order to make further investigation, various measurement methods of multi-scales could be used to characterize the deformation texture. Since the particles were heterogeneously distributed, macro texture analysis should be combined with micro texture analysis to investigate the texture evolution, especially the region around the particles. Normally, Chapter 7 Cold rolling texture evolution of TiB2 particle reinforced Al-based composites by Neutron Diffraction and EBSD analysis