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Compared microstructure and properties of an AlZnMgCu alloy processed by high pressure sliding and high-pressure torsion

Achieving high yield strength via submicrometer grain size and nanoscaled precipitation has been reached in 7### aluminum alloys thanks to severe plastic deformation (SPD) by High Pressure Torsion (HPT) process. Unfortunately, this technique has inherently strong limitations since only small parts can be processed and the plastic strain is not homogeneous. These limitations prevent large scale production of Ultra Fine Grain (UFG) materials for potential applications. A recent severe plastic deformation process, High Pressure Sliding (HPS) developed by Fujioka and Horita, allows to homogeneously deform large scale sheets by shear at higher speed. In this work, the competition between precipitation, grain growth and recrystallization during heat treatments after SPD was studied in depth for an AlZnMgCu alloys deformed by HPS with two deformation levels (γ ≈ 15 and γ ≈ 20) in order to investigate if the high mechanical properties obtained by HPT can be reached by HPS. Microstructures analyses after deformation and ageing were carried out by transmission electron microscopy and in situ small angle X ray scattering and then related to the mechanical behavior evaluated by tensile tests. Experimental data show very similar microstructures after HPS and HPT, with a good thermal stability thanks to the competition between precipitation, recrystallization and recovery. The obtained microstructural features lead to exceptional yield strength (>800MPa) as compared to the classical aluminum alloys. This study is therefore very promising towards the aim of obtaining very high yield strength aluminum alloys suitable for applications.

Introduction

Over the last two decades, designing ultrafine grain (UFG) materials has been the object of large research efforts. The specific physical and mechanical properties of UFG materials are of great potential interest for a variety of structural and functional applications requiring e.g. fatigue properties [START_REF] Argon | A new mechanism of work hardening in the late stages of large strain plastic flow in F.C.C. and diamond cubic crystals[END_REF][START_REF] Mughrabi | Cyclic deformation and fatigue properties of very fine-grained metals and alloys[END_REF], superplastic properties [START_REF] Yuzbekova | Superplasticity of ultrafine-grained Al-Mg-Sc-Zr alloy[END_REF] or high mechanical strength [START_REF] Valiev | Bulk nanostructured materials from severe plastic deformation[END_REF][START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF][START_REF] Duchaussoy | Structure and mechanical behavior of ultrafine-grained aluminum-iron alloy stabilized by nanoscaled intermetallic particles[END_REF].

UFG structures can be obtained using two approaches: i) "bottom up" techniques to build directly UFG structures with processes such as inert gas condensation [START_REF] Gleiter | Nanocrystalline materials[END_REF], electrodeposition [START_REF] Yang | Metallurgy of high strength Ni-Mn microsystems fabricated by electrodeposition[END_REF], and chemical and physical deposition [START_REF] Suryanarayana | Non-equilibrium Processing of Materials[END_REF] ; (ii) "top down" approach by reducing the microstructure scale of bulk materials. This second approach is classically achieved using severe plastic deformation (SPD) methods where very large strains are applied under high hydrostatic pressure, leading to strong grain refinement in metallic alloys [START_REF] Edalati | Nanomaterials by severe plastic deformation: review of historical developments and recent advances[END_REF]. The most popular techniques are accumulative roll bounding (ARB) [START_REF] Saito | Novel ultra-high straining process for bulk materials-development of the accumulative roll-bonding (ARB) process[END_REF], equal channel angular pressing (ECAP) [START_REF] Segal | Plastic Metal Working by Simple Shear[END_REF][START_REF] Sadasivan | A comprehensive review on equal channel angular pressing of bulk metal and sheet metal process methodology and its varied J o u r n a l P r e -p r o o f applications[END_REF] and high pressure torsion (HPT) [START_REF] Zhilyaev | Using high-pressure torsion for metal processing: Fundamentals and applications[END_REF][START_REF] Pippan | Advantages and Limitations of HPT: A Review[END_REF] . Metallic alloys processed by SPD usually exhibit a significant increase of the mechanical strength that results from the grain size reduction [START_REF] Valiev | Bulk nanostructured materials from severe plastic deformation[END_REF][START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF][START_REF] Duchaussoy | Structure and mechanical behavior of ultrafine-grained aluminum-iron alloy stabilized by nanoscaled intermetallic particles[END_REF]. Further increase can be achieved when it is combined with other strengthening mechanisms, and particularly with precipitation [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF][START_REF] Gubicza | The effect of severe plastic deformation on precipitation in supersaturated Al-Zn-Mg alloys[END_REF][START_REF] Afifi | Effect of ECAP processing on microstructure evolution and dynamic compressive behavior at different temperatures in an Al-Zn-Mg alloy[END_REF][START_REF] Ma | Mechanical behavior and strengthening mechanisms in ultrafine grain precipitation-strengthened aluminum alloy[END_REF]. However, such combination is difficult to obtain because of two competing mechanisms during post deformation precipitation treatment, namely spatial redistribution of solutes and grain growth. The spatial redistribution of solutes gives rise to segregation on crystalline defects and/or decomposition of the solid solution [START_REF] Afifi | Effect of ECAP processing on microstructure evolution and dynamic compressive behavior at different temperatures in an Al-Zn-Mg alloy[END_REF][START_REF] Deschamps | Precipitation kinetics in a severely plastically deformed 7075 aluminium alloy[END_REF][START_REF] Sauvage | Atomic-scale analysis of the segregation and precipitation mechanisms in a severely deformed Al-Mg alloy[END_REF][START_REF] Straumal | Formation of nanograined structure and decomposition of supersaturated solid solution during high pressure torsion of Al-Zn and Al-Mg alloys[END_REF][START_REF] Sauvage | Optimization of electrical conductivity and strength combination by structure design at the nanoscale in Al-Mg-Si alloys[END_REF][START_REF] Nasedkina | Mechanisms of precipitation induced by large strains in the Al-Cu system[END_REF][START_REF] Sha | Segregation of solute elements at grain boundaries in an ultrafine grained Al-Zn-Mg-Cu alloy[END_REF][START_REF] Liddicoat | Nanostructural hierarchy increases the strength of aluminium alloys[END_REF]. These phenomena generally lead to heterogeneous precipitation along dislocations or grain boundaries during annealing, with a reduced precipitate number density (as compared to bulk materials) and thus a relatively modest strengthening. Besides, the high density of crystalline defects in SPD materials lead to a much higher atomic mobility and thus typically to a much faster precipitation kinetics as compared to coarse grained alloys. Additionally, the temperature needed for precipitation can widely affect the grain structure [START_REF] Andrievski | Review of thermal stability of nanomaterials[END_REF]. Despite these issues, successful combinations of ultrafine grain size and intense precipitation have been achieved, with mechanical strength records in metallic alloys [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF][START_REF] Gubicza | The effect of severe plastic deformation on precipitation in supersaturated Al-Zn-Mg alloys[END_REF][START_REF] Afifi | Effect of ECAP processing on microstructure evolution and dynamic compressive behavior at different temperatures in an Al-Zn-Mg alloy[END_REF][START_REF] Ma | Mechanical behavior and strengthening mechanisms in ultrafine grain precipitation-strengthened aluminum alloy[END_REF].

Usually, highest yield strengths are obtained for highest levels of deformation, which can be only obtained by HPT. For example, in AlZnMgCu alloys, yield strengths between 450 and 700 MPa were reported for samples deformed using the ECAP process (true strain between 1 and 6) [START_REF] Afifi | Effect of ECAP processing on microstructure evolution and dynamic compressive behavior at different temperatures in an Al-Zn-Mg alloy[END_REF][START_REF] Cardoso | High Strength AA7050 Al alloy processed by ECAP: Microstructure and mechanical properties[END_REF][START_REF] Zheng | Structure and properties of ultrafine-grained Al-Zn-Mg-Cu and Al-Cu-Mg-Mn alloys fabricated by ECA pressing combined with thermal treatment[END_REF][START_REF] Zheng | Evolution of microstructure and strengthening of 7050 Al alloy by ECAP combined with heattreatment[END_REF][START_REF] Shaeri | Microstructure and mechanical properties of Al-7075 alloy processed by equal channel angular pressing combined with aging treatment[END_REF][START_REF] Horita | Equal-channel angular pressing of commercial aluminum alloys: Grain refinement, thermal stability and tensile properties[END_REF][START_REF] Zhao | Microstructures and mechanical properties of ultrafine grained 7075 Al alloy processed by ECAP and their evolutions during annealing[END_REF] while it is typically in a range of 650 to 990 MPa with the HPT process (true strain larger than 100) [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF][START_REF] Markushev | Effect of precipitates on nanostructuring and strengthening of high-strength aluminum alloys under high pressure torsion[END_REF][START_REF] Zhang | Strengthening mechanisms in an ultrafine-grained AlZnMgCu alloy processed by high pressure torsion at different temperatures[END_REF][START_REF] Islamgaliev | Deformation behavior of nanostructured aluminum alloy processed by severe plastic deformation[END_REF]. Unfortunately, the HPT process has inherently strong limitations: i) only very small discs can be deformed (typically 10 to 30 mm in diameter) [START_REF] Pippan | Advantages and Limitations of HPT: A Review[END_REF][START_REF] Horita | Severe Plastic Deformation under High Pressure: Upsizing Sample Dimensions[END_REF], ii) the plastic strain is not homogenous, minimal in the center and maximal at the periphery [START_REF] Horita | Severe Plastic Deformation under High Pressure: Upsizing Sample Dimensions[END_REF][START_REF] Xu | The evolution of homogeneity in processing by highpressure torsion[END_REF]. These limitations prevent large scale production of UFG materials for potential applications. To overcome these disadvantages, Fujioka and Horita [START_REF] Fujioka | Development of High-Pressure Sliding Process for Microstructural Refinement of Rectangular Metallic Sheets[END_REF] have proposed a new process in 2009, namely high pressure sliding (HPS),which allows to homogeneously deform large scale sheets by shear at higher speed (a comparison between HPS and HPT is given in Table 1 : Parameters used for HPT and HPS processing). A significantly lower level of deformation can be applied by HPS with a plastic strain between 5 and 30 while it may be larger than 1000 for HPT. However, the 3 HPS process can be developed as a continuous process, making it quite promising for large scale production and potential industrialization [START_REF] Horita | Severe Plastic Deformation under High Pressure: Upsizing Sample Dimensions[END_REF][START_REF] Takizawa | Scaling up of High-Pressure Sliding (HPS) for Grain Refinement and Superplasticity[END_REF].

In our previous work [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF] we showed that deforming an AlZnMgCu alloy up to a true strain of 200 using HPT resulted in a grain size below 500 nm with high fraction of high angle grain boundaries (HAGBs) and a high dislocation density. Furthermore, using appropriate low temperature annealing treatments it was possible to combine this UFG structure with intra and intergranular precipitation to achieve exceptionally high mechanical strength.

The aim of the present study was to evaluate the potential of HPS to reach comparable microstructures as those obtained in our previous work by HPT [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF]. The objective was first to quantify the microstructural differences between the alloys deformed by HPT and HPS, both in the as deformed state and after precipitation heat treatments, and then to establish relationships with the mechanical properties. Particularly, this study aims at determining if the lower deformation obtained by HPS as compared to HPT has a significant impact on grain size, grain boundary structure, precipitation mechanisms and thermal stability of UFG structures. These goals have been achieved by combining complementary experimental techniques enabling the evaluation of the microstructure at the different scales and in situ during the post deformation heat treatments, namely: transmission electron microscopy (TEM) both using high angular annular dark field imaging (HAADF) and automated crystal orientation mapping (ACOM), small angle X ray scattering (SAXS), and tensile tests.

Material and Experimental methods

In this study, AlZnMgCu alloy contains as major alloying elements 8.6% Zn, 2.5% Cu and 2.1% Mg with the other elements 0.4%Fe, 0.1% Zr and 0.04% Si (in wt%). The alloy was as homogenized cylinders of 5 cm in diameter and 10 cm height by Constellium C-TEC.

A solution treatment for 1h at 474°C followed by a quenching into cold water was applied to allow a post deformation precipitation. After this treatment, to prevent natural ageing before deformation, the sample was directly brought to an ice box.

Disc shape samples (10mm diameter, 1 mm thickness) were processed by HPT under a pressure of 6GPa with 10 turns at room temperature and a rotation speed of 1rpm. Sheets of 100*10mm 2 and 1mm thickness were processed under a pressure of 3GPa with two different sliding distances (10mm and 15mm), at room temperature with a speed of 1mm.s -1 using the HPS facility reported earlier [START_REF] Takizawa | Scaling up of High-Pressure Sliding (HPS) for Grain Refinement and Superplasticity[END_REF]. In both cases temperature measurements ensured that the sample temperature did not reach more than 50°C. The deformed samples were subsequently exposed to room temperature, and this led to natural ageing of 2 weeks.

If the compression strain is neglected and the sample dimensions supposed to remain constant, then the shear strain during HPT is given by [START_REF] Edalati | A review on high-pressure torsion (HPT) from 1935 to 1988[END_REF]:

𝛾 = 2𝜋𝑁𝑟 ℎ (1) 
J o u r n a l P r e -p r o o f and depends on the thickness of the disc ℎ, on the distance from the disc edge 𝑟 and the revolutions number 𝑁.

This shows that the disc is deformed inhomogeneously, with more intense deformation at the edge than in the center, that is typical from the HPT process [START_REF] Xu | The evolution of homogeneity in processing by highpressure torsion[END_REF][START_REF] Edalati | Correlation of Physical Parameters with Steady-State Hardness of Pure Metals Processed by High-Pressure Torsion[END_REF][START_REF] Kawasaki | Evolution of hardness in ultrafine-grained metals processed by high-pressure torsion[END_REF][START_REF] Zhilyaev | Microstructural evolution in commercial purity aluminum during high-pressure torsion[END_REF][START_REF] Horita | Microstructures and microhardness of an aluminum alloy and pure copper after processing by high-pressure torsion[END_REF][START_REF] Xu | Three-dimensional representations of hardness distributions after processing by high-pressure torsion[END_REF]. In order to allow comparison of the different results, the samples were systematically taken at 2.5mm from the edge of the HPT disc, which corresponds to a shear deformation of γ≈200 (after 10 revolutions).

With the same approximation than HPT, the shear strain during HPS is given by [START_REF] Fujioka | Development of High-Pressure Sliding Process for Microstructural Refinement of Rectangular Metallic Sheets[END_REF]:

𝛾 = 𝑥 ℎ ( 2 
)
where 𝑥 is the plunger sliding distance.

Contrary to HPT, the shear deformation applied by HPS is homogeneous in the whole sample, it is γ≈15 and γ≈20 for the 10mm and 15mm sliding distances respectively. Mechanical properties were evaluated thanks to tensile tests. Dog bone shaped specimens were cut from the HPT discs and the HPS sheets using an electrical spark discharge machine (EDM) with gauge dimension of 1.5 mm length, 0.7 mm width and between 0.5 to 0.7 mm thickness. For HPT sample, only 1 specimen could be cut by disc, with the gauge area positioned at 2.5mm radius. For the HPS sheets, 14 specimens could be cut by sample, and they were specially distributed to allow the evaluation of the deformation homogeneity (including different orientations to the shear direction). The tensile tests were conducted at room temperature with a constant cross head speed (initial strain rate of 3.10 -3 s -1 ). The samples were pulled horizontally until failure.

A schematic representation of the position of the dog bone sampling zones is shown in Figure 1.

J o u r n a l P r e -p r o o f Microstructure characterizations were conducted by TEM with a JEOL ARM200F microscope operated at 200 kV. STEM high angle annular dark field (HAADF) images were recorded with collection angles ranging from 80 to 180 mrad and from 20 to 80 mrad for dark field (DF) images. Both were recorded with a probe size of 0.2 nm and a convergence angle of 34 mrad. Electron transparent specimens were prepared with a twin jet electro polisher (TENUPOL 5 from Struers®) using a mixture of 30%HNO3+70% CH3OH (%vol) at - 30 °C. Final thinning was carried out by low energy ion milling conducted with a GATAN® Precision Ion Polishing System. Orientation maps and kernel average misorientation (KAM) maps were obtained with a JEOL 2100F microscope equipped with automated crystal orientation mapping (ACOM) using scanning precession electron diffraction (SPED) (angle of 1.2°) [START_REF] Rauch | Orientation and Phase Mapping in TEM Microscopy[END_REF][START_REF] Viladot | Orientation and phase mapping in the transmission electron microscope using precession-assisted diffraction spot recognition: state-of-the-art results[END_REF][START_REF] Rauch | High Throughput Automated Crystal Orientation and Phase Mapping of Nanoparticles from HREM -TEM Images[END_REF]. KAM parameter was used to study the distribution of local misorientations inside grains or sub grains (here below a misorientation angle of 10°) and to calculate the dislocation density [START_REF] Calcagnotto | Orientation gradients and geometrically necessary dislocations in ultrafine grained dual-phase steels studied by 2D and 3D EBSD[END_REF]. The geometrically necessary dislocation density 𝜌 𝐺𝑁𝐷 was estimated from the mean degree of misorientation 𝜃 obtained in KAM [START_REF] Calcagnotto | Orientation gradients and geometrically necessary dislocations in ultrafine grained dual-phase steels studied by 2D and 3D EBSD[END_REF][START_REF] Liu | Effect of grain orientation on deformation structure in cold-rolled polycrystalline aluminium[END_REF]:

𝜌 𝐺𝑁𝐷 = 𝛼𝜃 𝑏𝑑 (3) 
where 𝑏 is the Burgers vector (=0.286), 𝑑 the acquisition step of the map and 𝛼 a constant which depend on the dislocation type (=3 [START_REF] Liu | Effect of grain orientation on deformation structure in cold-rolled polycrystalline aluminium[END_REF][START_REF] Takayama | Analysis of Intragranular Misorientation Related to Deformation in an Al-Mg-Mn Alloy[END_REF][START_REF] Kumar | Microstructural evolution of white and brown etching layers in pearlitic rail steels[END_REF]).

As in our previous work [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF], dislocations density were measured by KAM thanks to the TEM mapping approach and not the usually used EBSD approach studies [START_REF] Liu | Effect of grain orientation on deformation structure in cold-rolled polycrystalline aluminium[END_REF][START_REF] Takayama | Analysis of Intragranular Misorientation Related to Deformation in an Al-Mg-Mn Alloy[END_REF][START_REF] Kumar | Microstructural evolution of white and brown etching layers in pearlitic rail steels[END_REF] because of the very fine grain structures.

SAXS measurements were performed exactly as the same procedure as in our previous work [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF] both for the experimental procedures and for the data processing.

Results

Ultrafine grain structure after severe plastic deformation

TEM orientation maps show that in as deformed alloys (Figure 2(b-d)) ultrafine grain structures with average grain sizes of 220 ± 20 nm and 210 ± 50 nm were obtained under shear strain of γ ≈ J o u r n a l P r e -p r o o f 6 20 by HPS and γ ≈ 200 by HPT respectively. Thus, grain sizes are relatively similar despite the large shear strain difference. Since an average grain size of 520±190 nm was obtained for the sample deformed with γ ≈ 15, then it seems that γ ≈ 20 is close to the critical shear strain required to reach a saturation of grain refinement.

Grain size distributions (Figure 2(e)) show that for the lowest shear strain (γ ≈ 15), there is a small proportion of grains below 500 nm but still a significant number of larger grains with a size of about 1 µm. At γ ≈ 20, all grains are below 600 nm in size. Last, for the HPT deformed sample (γ ≈ 200) the distribution is relatively similar to that after γ ≈ 20 with few more grains in a range 20 and 120 nm.

J o u r n a l P r e -p r o o f KAM maps (Figure 3 (b-c)) show that small misorientations (angle <10°) are present within the grains for all samples, this can be directly observed on orientation maps in Figure 2 or thanks to the misorientation angle distribution displayed in Figure 3(e). The corresponding calculated dislocation densities gives 2.7x10 15 , 3.1x10 15 and 4.2x10 15 respectively for HPS γ ≈ 15, γ ≈ 20 and HPT γ ≈ 200. That shows an increase in dislocations density with the increasing applied deformation.

The misorientation distributions (Figure 3(e)) show a large fraction of high angle grain boundaries for all deformations, as expected after severe plastic deformation [START_REF] Kawasaki | Microstructural evolution in high purity aluminum processed by ECAP[END_REF][START_REF] Ito | High-pressure torsion of aluminum with ultrahigh purity (99.9999%) and occurrence of inverse Hall-Petch relationship[END_REF]. The only

J o u r n a l P r e -p r o o f

difference between samples is a slight increase in the average misorientation angle with the applied increased deformation.

Figure 3:KAM maps (a) for as deformed sample by HPS γ ≈ 15 (b), HPS γ ≈ 20 (c) and HPT γ ≈ 200 (d). Misorientation angle distribution for HPT and HPS deformed alloys (e).

The material was in solid solution state before deformation, however, as shown on the Z contrast STEM HAADF images (Figure 4(a-c)), some chemical heterogeneities are observed in the as deformed states. After both HPS and HPT deformation, some segregations (arrowed on Figure 4(a-c)) and few nanoscaled precipitates (circled in Figure 4(a)) along boundaries can be observed. STEM Z contrast indicates that they contain a significant amount of solute with a higher atomic number than Al (Zn, Cu or Zr).

This is consistent with our previous work [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF] where segregations along boundaries of 5at% of Mg and 7at% of Zn were quantified by atom probe tomography (APT). Precipitates analyzed by APT in the as HPT material [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF] consisted in two populations of precipitates identified as J o u r n a l P r e -p r o o f intragranular GPzones (<1nm radius) and intergranular η'/η precipitates (around 10nm radius) with composition of 17.6±4.3at% of Zn and 7.3±4.3at% of Mg for GPzones and 24.3±1at% of Zn and 15.1±0.9at% of Mg for η'/η. Similarly, we carried out an APT analysis of the HPS γ ≈ 15 samples (presented in supplementary material S1) and the results show exactly the same microstructure with the two population of precipitates and with the same composition. J o u r n a l P r e -p r o o f 10

The precipitate size and fraction were quantified by SAXS measurements. Size distributions of precipitates in the HPS (γ ≈ 15, γ ≈ 20) and HPT (γ ≈ 200) deformed alloys are displayed in Figure 5.

The precipitate size distributions from the deformed alloys (Figure 5) can be divided in two populations: the first population shows radiuses between 0.4 and 1 nm (presumably GPzones) and the second encompasses radiuses between 1.5 and 4 nm but with a much lower volume fraction, that we will consider in the following to be '/ precipitates. The most deformed alloy (HPT) shows a third population with radiuses between 5 and 10nm. In addition to this third population, it can be noted that the precipitation fraction seems more important in the case of HPT deformed alloy. Besides, it is important to note that the SAXS set up used in this study allows the observation of precipitates with a size <10nm, larger precipitates are therefore not considered here. Correlation between STEM images (Figure 4) and APT results (supplementary material S1) with SAXS analyses (Figure 5), shows that the population of size <1nm may correspond to the intragranular GPzones, and that populations between 1.5 and 10 nm to intergranular precipitates. In addition, STEM results clearly show numerous precipitates with a size larger than the SAXS detection limit (10nm).

These first results demonstrate that deformation by HPS and HPT of the AlZnMgCu alloy give rise to similar microstructures, with an average grain size below 1µm, a high dislocation density, segregations and precipitation along defects (especially GBs) but also intragranular precipitation. Nevertheless, there are few noticeable differences: i) a less pronounced grain refinement for the γ ≈ 15 HPS material, ii) a higher fraction of GPzones after deformation by HPT, iii) a higher volume fraction of intergranular precipitates (size from 1.5 to 10 nm) after HPT deformation. These slight differences may have an influence on mechanical properties but also on the post deformation ageing behavior.

Thermal stability during post deformation annealing

Observations of the progressive microstructure evolution during ageing could show if slight differences between HPS and HPT microstructures significantly influence the overall thermal stability. Besides, for precipitation, the ageing temperature has to be carefully selected to be able to follow the first stage of precipitation in these deformed materials. Therefore, a preliminary study of precipitates evolution has been done by in situ SAXS with a temperature ramp before isothermal treatments. To guarantee a sufficient acquisition time, a low heating rate of 0.5°C/min was used. The calculation of SAXS data collected during the heating ramp allowed to represent the precipitate size distributions (PSD) as a function of temperature in contour plots for HPS materials in Figure 6(a,b). 

J o u r n a l P r e -p r o o f

In the two HPS deformed materials (Figure 6(a, b)), precipitate size distributions are very similar. At the beginning (20-50°C) GPzones are stable with only a very slight increase of the mean radius. At 70°C, a significant growth is visible, together with a slight decrease of the volume fraction. Between 80 and 100°C, larger precipitates start to grow, which can be identified as η'/η. Above 100°C, there is an increase of both the η'/η mean radius and volume fraction. At the same time, the volume fraction and mean size of GPzones continues to decrease. These evolutions are very similar to that of the alloy deformed by HPT and distinct from the much more continuous evolution in the undeformed alloy [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF]. Finally, comparing to the thermal behavior of HPT samples, the main difference is that the formation of the η'/η precipitates starts at a slightly higher temperature (75°C and 85°C for HPT and HPS respectively).

Thus, similarly to HPT samples, a significantly lower aging temperature is required to control the precipitation kinetic as compared to coarse grained materials for which the classical T6 thermal treatment is typically between 120 and 160°C. Hence, in the following, two temperatures have been selected for isothermal treatments, as indicated by dashed lines in Figure 6: 70°C, which is the temperature just before the evolution of GPzones and the formation of the η'/η precipitates, and 100°C, which is the temperature where these η'/η precipitates start to grow.

Precipitation kinetics during isothermal ageing

To follow the evolution of PSDs during isothermal heat treatments at 70°C and 100°C, the average precipitate sizes of the two main precipitate families, and their respective volume fraction evolutions extracted from the SAXS data were plotted (Figure 7 and Figure 8). At 70°C, the evolution of GPzones is similar in the three materials (HPT, HPS γ ≈ 15 and γ ≈ 20), with limited evolution of the radius up to 0.5nm and a slight decrease of volume fraction with time which can be related to the growth of larger precipitates, as observed at 100°C during ramp J o u r n a l P r e -p r o o f heating (Figure 6). Indeed, in the three materials, there is an increase in η'/η precipitate volume fraction. It seems that their radius also increases, even if it is close to the detection limit of SAXS (10nm). This could explain why there is a stabilization of the curves at the end of the ageing and not a continuous increase in size but also in fraction (dashed lines on Figure 7 represent the uncertainty of the evolutions due to the SAXS detection limit). The only difference between the three materials is the average radius size of the η'/η precipitates. Indeed, it seems that the larger size of precipitates is obtained in the HPT alloy (from 2 (γ ≈ 15 by HPS) to 2.5 (γ ≈ 20 by HPS) and to 5 nm (γ ≈ 200 by HPT after 70h)). At 100°C, the GPzones mean radius remains rather constant, and their fraction clearly decreases for all samples. The fraction of η'/η precipitates rapidly increases together with their size during the three first hours of the treatment, and then stabilizes. Besides, the more the material is deformed, the lower the volume fraction of η'/η precipitates. However, again with a detection limit near 10 nm, a non-negligible fraction of precipitates could be missed and that would change the tendency as reported in [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF].

To confirm these analyses with direct observations, and also to see if precipitates of radius size >10nm are present, STEM-HAADF imaging has been performed after 70h at 70°C (Figure 9(a,c,e)) and after 48h at 100°C (Figure 9(b,d,f)).

J o u r n a l P r e -p r o o f After 70°C/70h (Figure 9(a,c,e)), precipitates of about 10 nm are observed. They are localized on crystalline defects, mainly along grain boundaries. It should be noted that a small fraction of precipitates with radius between 10 and 15 nm for materials deformed with γ ≈ 20 by HPS and with γ ≈ 200 by HPT are also observed. Thus, even a relatively low thermal treatment allows nucleation and growth of a high density of precipitates. A second precipitates population is observed, located inside grains with a size of the order of 1 nm. These observations confirm the SAXS data and confirm the fact that SAXS experiments do not detect precipitates with a radius greater than 10 nm.

J o u r n a l P r e -p r o o f

Images of the deformed alloys after 100°C/48h (Figure 9(b,d,f)) reveal numerous intergranular precipitates with radius up to 20 nm, thus larger than after 70°C/70h, as well as intragranular precipitates which are also larger than after 70°C thermal treatment. Near grain boundaries, an intragranular area without precipitates clearly appear identified as a precipitate-free-zones (PFZ). A non-negligible amount of precipitates with size above the SAXS measured range are observed by TEM, which can explain the difference in size distribution between the two techniques. It also highlights an inhomogeneous microstructure for the least deformed material (γ ≈ 15 by HPS) compared to the two others deformed materials. Indeed, there are zones with smaller precipitates homogeneously distributed in the matrix, and zones with smaller intragranular precipitates and bigger intergranular precipitates.

These differences could have an influence on the evolution of grain size during ageing; therefore, orientation maps were performed after these heat treatments and are presented in Figure 10.

J o u r n a l P r e -p r o o f Figure 10 : TEM orientation maps of HPS deformed alloy: γ ≈ 15(a, b) and γ ≈ 20 (c, d) and of HTP deformed alloy (e, f) annealed 70h at 70°C (a, c, e) and 48h at 100°C (b, d, f).

The orientation maps of the deformed alloys after 70h at 70°C (Figure 10(a,c,e)) show that the grain size remains relatively stable for all samples. However, it seems that the higher was the deformation, the smaller the grain size after 70°C treatment. And even after 48h at 100°C, the orientation maps of the deformed materials (Figure 10(b,d,f)) show that a grain size smaller than 600 nm is retained.

Grain size distributions (in surface fractions) were extracted from these orientation maps and are plotted in Figure 11.
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These results show that the average grain size distribution is shifted towards smaller values for all materials after 70h at 70°C as compared to the as-deformed state: from 520 to 380 nm for γ ≈ 15, from 220 to 170 for γ ≈ 20 and from 210 to 150 for γ ≈ 200. However, the grain size distribution of the least deformed material shows a significant reduction of grains with a diameter smaller than 170 nm as compared to the two others materials. This indicates that some grain growth occurred in the alloy deformed by HPS γ ≈ 15, while partial recrystallization occurred in the two others materials (HPS γ ≈ 20 and HPT γ ≈ 200).

After annealing at 100°C, the mean grain size is 540 ± 190 nm for HPS γ ≈ 15, which is larger than that of the as-deformed material, evidencing some grain growth. However, for the material deformed by HPS γ ≈ 20, the grain size is relatively stable (from 220 ± 20 to 230 ± 20 nm), showing surprisingly a higher stability. Last, the material deformed by HPT γ ≈ 200 exhibits a significant decrease in grain size from 210 ± 50 to 170 ± 30 nm. [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF]) deformed materials before (blue) and after annealing at 70°C/70h (yellow) and 100°C/48h (red) J o u r n a l P r e -p r o o f 18 These results show that a thermal treatment during 70h at 70°C leads to a grain growth for the least deformed sample and that recovery or at least partial recrystallization occurred for the most deformed materials. In supplementary material (S2), the misorientation angle distributions for HPS samples show a decrease in fraction of small misorientation (<14°) and an increase of the average misorientation angle. In contrary, for the HPT deformed sample, there is an increase in fraction of the small misorientations and a decrease in the average misorientation angle. That could show that the mechanism which lead to a decrease in average grain size is different for HPS and HPT sample. The decrease in small misorientation in HPS material could suggest recovery and their increase in HPT material to a partial recrystallization (not happening in the whole material) explained by a re-organization of dislocations in dislocation walls. KAM maps (Supplementary materials S3 and [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF]) show that this decrease in small misorientations (<10°) for all samples after both annealing can be attributed to a decrease in dislocation density presented in Table 2 (dislocation densities were calculated using eq. ( 2)). Finally, after annealing during 48h at 100°C, the behavior of the materials changes. For the least deformed material (γ ≈ 15), the increase of the average grain size suggests a grain growth more pronounced than during 70°C treatment, even if it remains limited. For the γ ≈ 20 deformed material, a stabilization of the grain size is observed. Last, for the most deformed sample (γ ≈ 200), there is still a grain size reduction even if it is less pronounced than after annealing at 70°C. Unexpectedly these different behaviors show that the more the material is deformed, the higher is its thermal stability.

Dislocation densities (x10

Mechanical properties

The tensile curves of HPT and HPS deformed materials are presented in Figure 12.

The tensile curve of the as deformed materials exhibits a yield stress around 820 MPa for γ ≈ 15, around 825 MPa for γ ≈ 20 and 870 MPa for γ ≈ 200. The cutting direction of the HPS samples seems to have no significant influence on the yield stress. As expected, the more the material is deformed, the higher is the yield stress. Concerning the elongation to failure, HPS samples that were cut in the parallel direction and HPT samples both exhibit a value around 9±3%. However, HPS samples cut in the perpendicular direction exhibits a significantly lower elongation: around 5±2% for γ ≈ 15 and γ ≈ 20 HPS samples.

Annealing at 70°C during 70h leads to a decrease of approximatively 60 MPa of the yield stress for the HPS γ ≈ 15 sample and an increase of ~ 45 MPa and ~ 80 MPa for HPS γ ≈ 20 and HPT γ J o u r n a l P r e -p r o o f ≈ 200 samples respectively. For all materials, there is a decrease (< 2%) in elongation to failure (Table 3). The HPS samples cut in the perpendicular direction still exhibit a lower elongation compared to the parallel one.

After annealing at 100°C during 48h, the two HPS alloys exhibit the same behavior with a decrease in yield stress: from 820 to 725 MPa for HPS γ ≈ 15 and from 825 to 770 MPa for HPS γ ≈ 20. In contrast, the material deformed by HPT shows an increase in yield stress of 20 MPa after annealing at 100°C. It is however a lower yield stress as compared to the 70°C treatment.

For all materials, the 100°C heat treatment leads to a slight increase of the elongation to failure, or at least a stabilization.

It could be noted that there is an influence of the tensile direction (parallel or perpendicular to the HPS direction) on the final yield stress. Indeed, differences of 26 MPa and 9 MPa after annealing at 70°C are observed for γ ≈ 15 and γ ≈ 20 deformed alloys respectively. And these differences are larger after the 100°C heat treatment: 48 MPa for γ ≈ 15 and 22 MPa for γ ≈ 20 deformed alloys.

In the data summary of Table 3, it is important to note that extremely high ultimate tensile strength (UTS) are shown: 960 ± 20MPa obtained after HPT and 889 ± 38MPa after HPS followed by annealing at 70°C.
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Discussion

Deformation induced microstructure

In both cases, during SPD by HPS or HPT, a significant grain refinement with high density of intragranular defects resulting in local lattice distortions was achieved. A mean grain size of 520 ± 190 nm, 220 ± 20 nm and 210 ± 50 nm was obtained by HPS γ ≈ 15, HPS γ ≈ 20 and HPT γ ≈ 200 respectively, These mean grain sizes are significantly larger than those reported in the literature for similar alloys (typically 100nm) [START_REF] Markushev | Effect of precipitates on nanostructuring and strengthening of high-strength aluminum alloys under high pressure torsion[END_REF][START_REF] Islamgaliev | Deformation behavior of nanostructured aluminum alloy processed by severe plastic deformation[END_REF]. However, in these prior studies, grain sizes were measured using TEM images or XRD diffraction where every boundary, even with misorientations smaller than 10°, are considered. In the present work, ACOM automated crystal orientation mapping was used, and only HAGBs were considered similarly to the Transmission Kikuchi Diffraction technique [START_REF] Shaeri | Microstructure and mechanical properties of Al-7075 alloy processed by equal channel angular pressing combined with aging treatment[END_REF]. Thanks to such precise evaluation, it has been possible to point out significant differences between the AlZnCuMg alloy deformed by HPS γ ≈ 15 and HPS γ ≈ 20 (grain sizes differ from a factor of two) while grain size distributions are very similar for the material deformed by HPS γ ≈ 20 and HPT γ ≈ 200. This clearly indicates that the critical shear strain level leading to a saturation of the grain size refinement [START_REF] Pippan | Saturation of Fragmentation During Severe Plastic Deformation[END_REF] is close to γ ≈ 20. This value is relatively low as compared to pure materials due to the high concentration of solute atoms in the solutionized AlZnCuMg alloy, that reduce dynamic recovery mechanisms.

This reduction of grain size can explain partially the very high yield stress that was obtained. Partially because even if the average grain sizes of materials deformed by γ ≈ 20 (HPS) and γ ≈ 200 (HPT) are very close, the mechanical behavior of γ ≈ 20 (HPS) material is closer to the material deformed by γ ≈ 15 (HPS). There is therefore the presence of other hardening mechanisms, this might be the fraction of HAGBS (higher for HPT deformed alloy) or the precipitation (faster in HPT deformed alloy).

After SPD by HPS or HPT, GPzones and η'/η precipitates were detected by SAXS and TEM. These precipitates also contribute to yield stress. Such dynamic precipitation may result from an enhanced atomic mobility at room temperature, driven by strain induced vacancies [START_REF] Straumal | Formation of nanograined structure and decomposition of supersaturated solid solution during high pressure torsion of Al-Zn and Al-Mg alloys[END_REF][START_REF] Huang | The formation of nanograin structures and accelerated room-temperature theta precipitation in a severely deformed Al-4wt.% Cu alloy[END_REF][START_REF] Sauvage | Mechanical alloying of Cu and Fe induced by severe plastic deformation of a Cu-Fe composite[END_REF] and solute drag by dislocations and GBs. Crystalline defects may promote solute transport but also act as segregation and/or nucleation site for precipitates (both during deformation and natural aging) and thus play an important role in the spatial redistribution of solutes. During deformation, moving dislocations may drag solute atoms and transport them to grains boundaries [START_REF] Straumal | Formation of nanograined structure and decomposition of supersaturated solid solution during high pressure torsion of Al-Zn and Al-Mg alloys[END_REF], grains boundaries motion may sweep solute atoms (snowplow effect [START_REF] Cojocaru-Mirédin | Snowplow effect and reactive diffusion in the Pt doped Ni-Si system[END_REF]) and vacancies may also drag solutes with a positive binding energy toward GBs [START_REF] Sauvage | Atomic-scale analysis of the segregation and precipitation mechanisms in a severely deformed Al-Mg alloy[END_REF]. These three possible mechanisms, eventually combined, promote the formation of Zn, Mg and Cu segregations as observed by TEM in the present work but also reported in other systems [START_REF] Sauvage | Atomic-scale analysis of the segregation and precipitation mechanisms in a severely deformed Al-Mg alloy[END_REF][START_REF] Abramova | Grain boundary segregation induced strengthening of an ultrafine-grained austenitic stainless steel[END_REF]. They also promote the precipitation of GP zones and η'/η precipitates detected by SAXS and TEM in the AlZnCuMg alloy deformed by HPS or HPT.

In the material deformed by HPS γ ≈ 15, a smaller mean precipitates size was measured as compared to others materials (HPS γ ≈ 20, HPT γ ≈ 200), but with a similar precipitate volume fraction.

Finally, despite the different deformation processing and the large difference in applied strain, the microstructure of the material deformed by HPS is very close from the material deformed by HPT at γ ≈ 200. Their slight differences can result from multiple origins (precipitates size or J o u r n a l P r e -p r o o f fraction, fraction of segregations, fraction of HAGBs). These are promising results that will allow to easily transfer the knowledge acquired from HPT to HPS processing in the perspective of industrialization.

Evolution of nano-structures during ageing

Several works in the literature show that severe plastic deformation affects the precipitation sequence of alloys such as Al-Zn-Mg-Cu [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF][START_REF] Deschamps | Precipitation kinetics in a severely plastically deformed 7075 aluminium alloy[END_REF][START_REF] Zhang | Dynamic precipitation, segregation and strengthening of an Al-Zn-Mg-Cu alloy (AA7075) processed by high-pressure torsion[END_REF][START_REF] Wang | Accelerated precipitation and growth of phases in an Al-Zn-Mg-Cu alloy processed by surface abrasion[END_REF][START_REF] Zhao | Segregation assisted grain boundary precipitation in a model Al-Zn-Mg-Cu alloy[END_REF][START_REF] Deschamps | Influence of predeformation and ageing of an Al-Zn-Mg alloy-II. Modeling of precipitation kinetics and yield stress[END_REF]. In this work, TEM and SAXS analyses indicate both that for all deformed materials, a bi-modal precipitate size distribution is achieved even during low temperature treatment. For other severely deformed aluminum alloys, a faster kinetics has also been reported and has been attributed to: -i)-strain induced excess vacancy concentration; -ii)-heterogeneous nucleation on structural defects; -iii)-accelerated diffusion along crystalline defects; -iv)-solute drag by motion of defects during their recovery.

STEM observations show that this bi-modal precipitate size distribution results from a population of large precipitates mainly located on grain and sub-grain boundaries, combined with a finerscale intragranular population. Thanks to the SAXS data, a quantitative comparison between HPS and HPT deformed materials was possible. During low isothermal ageing at 70°C (Figure 7), the behavior of GPzones is similar in all materials with a progressive partial dissolution of them. Their size and volume fraction are also quantitatively similar in all materials. The evolution of η'/η precipitates (nucleation and growth) also follows a similar trend in all materials. with only a slight difference in size: the more intense was the deformation, the larger the size of the η'/η precipitates. At 100°C, the global evolution of the GPzones is similar to observations done in all deformed materials at 70°C but with a faster decrease in volume fraction. Regarding η'/η precipitates, their nucleation and growth is significantly faster as compared to the 70°C treatment.

In our measurements, the size and the volume fraction quickly reach a plateau but it is simply related to the detection limit of the SAXS technique (about 10 nm). Thanks to STEM images, a significant fraction of larger precipitates (radius > 10 nm) could be evidenced in all materials. Detailed observations revealed that, during ageing at 100°C, these η'/η precipitates are located on defects (mainly GBs) where they could grow quickly.

The difference in the fraction of η'/η precipitates between HPS and HPT materials could be explained by the grain size. Indeed, if the grain size is smaller (HPT) then the fraction of GBs is higher, so there are more heterogeneous nucleation sites and more accelerated diffusion paths.

The initial grain size has therefore an influence on the precipitation, but as shown by our TEM observations (ACOM, Figure 10 and Figure 11) precipitates also affect the grain size evolution during aging. Three different behaviors have been observed depending on the deformation level: i) In the sample deformed by HPS γ ≈ 15 a significant grain growth was observed during annealing at 70°C or 100°C as expected. ii)

In the sample deformed by HPS γ ≈ 20, annealing at 70°C leads to a mean grain size reduction, while at 100°C it is relatively stable. Thus, annealing at low temperature (70°C) seems to promote a partial recrystallization, but at 100°C it is most probably quickly offset by grain growth. iii)

For the sample deformed by HPT γ ≈ 200, a significant grain size reduction was measured after annealing at both 70°C and 100°C. Thus, recrystallization occurred with probably more nuclei and eventually a more stable ultrafine grain structure.
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Such grain size reduction due to recrystallization or partial recrystallisation after SPD has been scarcely reported in the literature [START_REF] Mangler | Structural modifications during heating of bulk nanocrystalline FeAl produced by high-pressure torsion[END_REF][START_REF] Gammer | Unexpected grain size reduction by heating in bulk nanocrystalline FeAl[END_REF]. The driving force is the high density of crystalline defects and the main mechanism is probably driven by re-organization of dislocations in cellwalls and the transformation of sub-grain boundaries into high-angle grain boundaries via the absorption of dislocations [START_REF] Mangler | Structural modifications during heating of bulk nanocrystalline FeAl produced by high-pressure torsion[END_REF]. If the mobility of GBs is sufficiently high (such as in commercially pure alloys), these new grains quickly grow and are eventually difficult to detect but in the AlZnCuMg alloy segregations and precipitates (Figure 4), pin GBs and reduce their mobility. Since heterogeneous precipitation along intragranular dislocations was not observed, this suggests that dislocation recovery occurred faster than precipitate nucleation and that partial recrystallization occurred in the early stage of annealing. The larger the dislocation density and the fraction of LAGBs the stronger this recrystallization mechanism will be, explaining the observed influence of the strain level.

Grain growth is more pronounced for the least deformed sample (HPS γ ≈ 15). This might be explained by a lower driving force for recrystallization that gives rise to less grain nuclei but also to a relatively high GB mobility due to a low segregation level and rather limited dynamic precipitation (weaker GB pinning).

In conclusion, the stabilization of the microstructure after deformation depends on the synergy between the re-organization of dislocations, precipitation and mobility of grain boundaries (grain growth). This synergy depends on the dislocations and GBs density as well as on the distribution of solutes and precipitates in the deformed state. In the present AlZnCuMg alloy, it seems that a minimum shear deformation of γ = 20 is required to obtain a stable microstructure up to 100°C.

Relationship between process, structure and mechanical properties

All microstructural features (GBs, dislocations, solute atoms, precipitates) have an influence on the mechanical behavior of the UFG AlZnCuMg alloy. As shown in our previous work [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF] it is however complex to decorrelate each contribution because of the complexity of microstructures. For example, if the contribution of homogeneously dispersed intragranular precipitates is well established, the role of intergranular precipitates and precipitate-free-zones observed after annealing along boundaries is difficult to evaluate. Similarly, classical models established to account for the contribution of dislocations or of grain boundaries do not consider the influence of segregations or of the specific distribution (dislocation cell walls, grain size distribution).

However, our previous work [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF] shows also that despite this complexity, grain boundaries and intragranular misorientations contribute to more than two-thirds of the yield stress while the rest is provided by precipitates and the solid solution.

Finally, HPS has shown the potential to reach comparable microstructures as those obtained by HPT. At the higher deformation by HPS very similar mechanical properties was obtained as compared to the HPT. The yield strength after deformation is exceptional for aluminum alloys (>800MPa), and one can notice that even at comparable grain sizes, others aluminum alloys do not reach this level. For example: AA6060, AA6061, Al-3.3Mg, Al-5.5%Mg, Al-1.7%Cu, Al-2%Fe reached yield strength <700MPa, an Al-3%Cu-1%Li reached 700MPa and an Al-8.8%Mg

J o u r n a l P r e -p r o o f 735MPa [START_REF] Duchaussoy | Structure and mechanical behavior of ultrafine-grained aluminum-iron alloy stabilized by nanoscaled intermetallic particles[END_REF][START_REF] Bobruk | Aging behavior and properties of ultrafine-grained aluminum alloys of Al-Mg-Si system[END_REF][START_REF] Mohamed | Aging Behavior of Al 6061 Alloy Processed by High-Pressure Torsion and Subsequent Aging[END_REF][START_REF] Edalati | Influence of dislocation-solute atom interactions and stacking fault energy on grain size of single-phase alloys after severe plastic deformation using high-pressure torsion[END_REF][START_REF] Sha | Strength, grain refinement and solute nanostructures of an Al-Mg-Si alloy (AA6060) processed by high-pressure torsion[END_REF]. Finally, in most aluminum alloys the maximum yield strength after HPT is <800MPa [START_REF] Mohammadi | Conceptualization, Investigation, Writing-Original draft preparation Xavier Sauvage : Conceptualization, Writing -Review & Editing, Supervision Alexis Deschamps : Conceptualization, Writing -Review & Editing[END_REF]. Moreover, the obtained microstructure allows to stabilize these good mechanical properties after annealing, even sometimes to increase them to reach values of UTS >900MPa. These results on this HPS deformation process are thus very promising.

Conclusions

In conclusion, like in the AlZnMgCu material deformed by HPT [START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF], HPS processing leads to microstructures where complex interactions between precipitation, grain growth and recrystallization occur. These features were investigated before and after annealing at low temperature (70°C and 100°C). Complementary characterization techniques (TEM-ACOM, STEM-HAADF and SAXS) allowed a precise comparison between microstructures after HPT and HPS. A special emphasis was given on competing mechanisms leading to structural evolutions during aging and on the relationship between final microstructures and the mechanical behavior.

The main findings of this study are:

 Even if the plastic strain imposed by HPS is, at least, 10 times lower than during HPT, very similar microstructures can be obtained. This led to a yield stress higher than that achieved after classical precipitation treatment of the coarse-grained material.  The coexistence of small precipitates (GPzones) and η'/η precipitates with approximatively the same evolutions during ageing for HPS and HPT processed samples are observed.  For both processes (HPS and HPT), an exceptional yield strength was obtained (>800MPa). After aging, it ranges from 750 to 950MPa, a level only scarcely reached in aluminum alloys processed by SPD.

Finally, similar microstructures were achieved by HPS and HPT, always with a good thermal stability thanks to the competition between precipitation, recrystallization and recovery. Thus, the HPS process can be envisioned as a continuous process promising for large scale production and potential industrialization of very high yield strength aluminum alloys.

Figure 1 :

 1 Figure 1:Schematic representation of the position of dog bone sampling on (a) HPT sample and (b) HPS sample.

Figure 2 :

 2 Figure 2: Schematic representation of TEM sample location for HPT and HPS samples (a). Orientation map of as deformed alloys HPS γ ≈ 15(b), HPS γ ≈ 20(c) and HPT γ ≈ 200(d). Grain size distributions of the as deformed alloys (e).

Figure 4 :

 4 Figure 4: STEM HAADF images of as deformed alloys: HPS γ ≈ 15 (a), HPS γ ≈ 20 (b), HPT γ ≈ 200 (c).

Figure 5 :

 5 Figure 5: Precipitate size distribution calculated from SAXS data fitting for the HPS (blue lines) HPT (green line) deformed materials at 25°C.

Figure 6 :

 6 Figure 6: Precipitates size distribution estimated from SAXS data fitting during an in situ heating at 5°C/min from 20 to 250°C on HPS deformed alloy: (a) γ ≈ 15 and (b) γ ≈ 20.

Figure 7 :

 7 Figure 7 : Precipitate size (a) and fraction evolution (b) estimated from SAXS data fitting during in situ heating at 70°C on HPS (blue) and HPT (green) deformed alloys. Thin lines correspond to GPzones and thicker lines to η'/η. Dashed lines correspond to the uncertainty of the evolutions due to the SAXS detection limit.

Figure 8 :

 8 Figure 8 : Precipitate size (a) and volume fraction evolution (b) estimated from SAXS data fitting during in situ heating at 100°C on HPS (blue) and HPT (green) deformed alloys. Thin lines correspond to GPzones and thicker lines to η'/η evolutions. Dashed lines correspond to the uncertainty of the evolutions due to the SAXS detection limit.

Figure 9 :

 9 Figure 9 : STEM-HAADF images of HPS deformed alloy: γ ≈ 15(a, b) and γ ≈ 20 (c, d) and of HTP deformed alloy (e, f) annealed 70h at 70°C (a, c, e) and 48h at 100°C (b, d, f).

Figure 11 :

 11 Figure 11 : Grain size distributions of HPS (a, b) and HPT (c from[START_REF] Duchaussoy | Complex interactions between precipitation, grain growth and recrystallization in a severely deformed Al-Zn-Mg-Cu alloy and consequences on the mechanical behavior[END_REF]) deformed materials before (blue) and after annealing at 70°C/70h (yellow) and 100°C/48h(red) 

Figure 12 :

 12 Figure 12: (a) Tensile curves of HPT deformed material (green) and HPS deformed material (blue): dashed line for sample cut perpendicular to the deformation direction and solid line for sample cut in parallel to the deformation direction. (b)after annealing at 70°C/70h and (c) after 100°C/48h.

  

  

Table 1

 1 summarizes the parameters used for HPT and HPS processing.

		High Pressure Torsion	High Pressure Sliding
	Pressure 𝑃(GPa)	6		3	
	Deformation rate 𝜀˙(s -1 )	0.75		1.25	
	Deformation	Numbers of turns 10	Shear strain 200	Sliding distance (mm) 10 15	Shear strain 15 20

Table 1 :

 1 Parameters used for HPT and HPS processing

Table 2 :

 2 

Dislocation densities estimated from KAM maps for as deformed and after ageing materials.

Table 3 :

 3 Yield stress, ultimate tensile stress and elongation to failure for as deformed HPS and HPT materials and after annealing at 70°C/70h and at 100°C/48h. Pa is for parallel to the deformation direction and Pe for perpendicular (see Figure1for details)

			Yield stress 0.2%	Elongation		UTS	
			As defor med	+ 70°C -72 h	+ 100 °C-48h	As defor med	+ 70°C -72 h	+ 100 °C-48h	As defor med	+ 70°C -72 h	+ 100 °C-48h
	γ ≈ 15	P a	813 ± 17	74 0 ± 50	704 ± 38	9.1 ± 2	6.7 ± 3.5	10. 8 ± 3.6	817 ± 15	75 2 ± 48	717 ± 45
	H P S	P e	821 ± 15	76 6 ± 15	752 ± 17	5.9 ± 1.2	4.5 ± 1.5	9.5 ± 1.9	826 ± 16	77 5 ± 20	758 ± 13
	γ ≈ 20	P a	826 ± 19	87 7 ± 34	763 ± 49	8.9 ± 1.3	6.3 ± 1.7	8.3 ± 2.2	836 ± 22	88 9 ± 38	802 ± 26
	H P S	P e	824 ± 27	86 8 ± 16	785 ± 35	3.9 ± 0.3	3.5 ± 1.2	5.9 ± 1.5	829 ± 26	87 5 ± 14	800 ± 28
	γ ≈ 200 HPT	869 ± 22	94 7 ± 15	893 ± 13	9.1 ± 2.9	7.1 ± 0.6	9.9 ± 1.4	917 ± 21	95 3 ± 9	902 ± 13
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J o u r n a l P r e -p r o o f Highlights Using HPS on a AlZnMgCu alloy leads to a microstructure close to the one obtained after HPT even a deformation 10 times lower.

The coexistence of GPzones and η'/η precipitates with approximatively the same evolutions during ageing for HPS and HPT processed samples are observed.

For both processes (HPS and HPT), an exceptional yield strength was obtained (>800MPa). After aging, a level only scarcely reached in aluminum alloys processed by SPD.