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Tensile properties of Ti-6Al-4V as-built by laser metal deposition: The relationship between heat affected zone bands, strain localization and anisotropy in ductility

Introduction

Titanium alloys are widely employed for critical parts in the aerospace industry including structural or engine components. An outstanding balance of properties including an excellent corrosion resistance and a high strength-to-weight ratio makes them attractive for such applications [START_REF] Peters | Titanium Alloys for Aerospace Applications[END_REF]. However, the high associated cost constitutes a major obstacle to a wider use [START_REF] Blakey-Milner | Metal additive manufacturing in aerospace: A review[END_REF][START_REF] Williams | Opportunities and Issues in the Application of Titanium Alloys for Aerospace Components[END_REF]. While in the past manufacturers generally replaced defective parts, the development of additive manufacturing (AM) offered new outlooks regarding the refurbishment of expensive components [START_REF] Herzog | Additive manufacturing of metals[END_REF][START_REF] Shrestha | Analysis of microstructure and mechanical properties of additive repaired Ti-6Al-4V by Direct Energy Deposition[END_REF][START_REF] Kistler | Effect of processing conditions on the microstructure, porosity, and mechanical properties of Ti-6Al-4V repair fabricated by directed energy deposition[END_REF][START_REF] Wilson | Remanufacturing of turbine blades by laser direct deposition with its energy and environmental impact analysis[END_REF]. The laser metal deposition (LMD) technique is one of the most frequently used AM techniques in this context. As compared to more conventional applications, available pathways to achieve superior properties can be substantially reduced in repaired parts: preheated substrates, which allows to reduce residual stress [START_REF] Vastola | Controlling of residual stress in additive manufacturing of Ti6Al4V by finite element modeling[END_REF], or post-processing heat treatments, which can be used to tailor microstructural features [START_REF] Ter Haar | Selective Laser Melting Produced Ti-6Al-4V: Post-Process Heat Treatments to Achieve Superior Tensile Properties[END_REF][START_REF] Brandl | Mechanical properties of additive manufactured titanium (Ti-6Al-4V) blocks deposited by a solid-state laser and wire[END_REF][START_REF] Vrancken | Heat treatment of Ti6Al4V produced by Selective Laser Melting: Microstructure and mechanical properties[END_REF][START_REF] Liu | Effects of Post Heat Treatments on Microstructures and Mechanical Properties of Selective Laser Melted Ti6Al4V Alloy[END_REF], can be prohibited for components such as titanium leading edges of organic matrix composite fan blades used in most advanced aero-engines. A comprehensive understanding of the relationships between processing parameters, microstructure and mechanical properties in as-built materials is then of critical importance.

Process parameters such as the scanning speed and strategy [START_REF] Choi | Influence of deposition strategy on the microstructure and fatigue properties of laser metal deposited Ti-6Al-4V powder on Ti-6Al-4V substrate[END_REF], the powder features and associated flow rate [START_REF] Iebba | Influence of Powder Characteristics on Formation of Porosity in Additive Manufacturing of Ti-6Al-4V Components[END_REF] and the laser power and spot size [START_REF] Gharbi | Influence of various process conditions on surface finishes induced by the direct metal deposition laser technique on a Ti-6Al-4V alloy[END_REF] have a key influence on properties of the resulting parts [START_REF] Zhong | Laser Metal Deposition of Ti6Al4V-A Brief Review[END_REF]. Although lamellar microstructures generally result from such manufacturing process, a variety of associated features are displayed [START_REF] Shrestha | Analysis of microstructure and mechanical properties of additive repaired Ti-6Al-4V by Direct Energy Deposition[END_REF][START_REF] Cheng | Microstructure and mechanical properties of additive manufactured Ti-6Al-4V components by annular laser metal deposition in a semi-open environment[END_REF][START_REF] Wu | Microstructures of laser-deposited Ti-6Al-4V[END_REF]. The track-by-track and layer-by-layer deposition implies a cyclic thermal history including repeated rapid heating and cooling steps [START_REF] Marshall | Understanding the Microstructure Formation of Ti-6Al-4V During Direct Laser Deposition via In-Situ Thermal Monitoring[END_REF]. This complex thermal history is accompanied by intricate phase transformations involving β to α' transformation and decomposition into α+β phases [START_REF] Kenel | In situ investigation of phase transformations in Ti-6Al-4V under additive manufacturing conditions combining laser melting and high-speed micro-X-ray diffraction[END_REF][START_REF] Oh | High speed synchrotron X-ray diffraction experiments resolve microstructure and phase transformation in laser processed Ti-6Al-4V[END_REF]. Another important microstructural feature is the columnar character of β grains which grow along the build direction during successive layer deposition [START_REF] Kok | Anisotropy and heterogeneity of microstructure and mechanical properties in metal additive manufacturing: A critical review[END_REF]. Macroscopic "banding", also denoted as heat affected zone (HAZ) banding [START_REF] Ho | On the origin of microstructural banding in Ti-6Al4V wire-arc based high deposition rate additive manufacturing[END_REF], was observed to result from the re-heating of the previously deposited material [START_REF] Kobryn | Microstructure and texture evolution during solidification processing of Ti-6Al-4V[END_REF]. This feature is generally associated to spatially heterogeneous lamella size and morphology [START_REF] Ho | On the origin of microstructural banding in Ti-6Al4V wire-arc based high deposition rate additive manufacturing[END_REF][START_REF] Kobryn | Microstructure and texture evolution during solidification processing of Ti-6Al-4V[END_REF][START_REF] Zhu | Microstructure evolution and layer bands of laser melting deposition Ti-6.5Al-3.5Mo-1.5Zr-0.3Si titanium alloy[END_REF][START_REF] Kelly | Microstructural evolution in laser-deposited multilayer Ti-6Al-4V builds: Part I. Microstructural characterization[END_REF]. While elementary microstructural elements such as α or α' plates exhibit thicknesses in the micrometer range, β grains and HAZ layers typically exceeds hundreds of micrometers in size. The multiple lengthscales associated with the microstructural heterogeneities resulting from the AM process thus require dedicated characterization procedures to capture the relationships between microstructure and mechanical properties [START_REF] Kumar | Micro-and meso-structures and their influence on mechanical properties of selectively laser melted Ti-6Al-4V[END_REF].

The mechanical properties of LMD manufactured Ti-6Al-4V have been the focus of intense research efforts in recent years to understand the microstructure -properties relationships as well as the anisotropy resulting from the characteristic microstructural features [START_REF] Alcisto | Tensile Properties and Microstructures of Laser-Formed Ti-6Al-4V[END_REF][START_REF] Saboori | An Overview of Additive Manufacturing of Titanium Components by Directed Energy Deposition: Microstructure and Mechanical Properties[END_REF]. Regarding tensile properties in particular, several studies highlighted that specimens tested along the build direction exhibit a lower strength and a lower elongation than specimens tested along the longitudinal direction [START_REF] Alcisto | Tensile Properties and Microstructures of Laser-Formed Ti-6Al-4V[END_REF][START_REF] Qiu | Fabrication of large Ti-6Al-4V structures by direct laser deposition[END_REF]. Contrasting observations of a higher ductility along the build direction were also reported [START_REF] Wilson-Heid | Quantitative relationship between anisotropic strain to failure and grain morphology in additively manufactured Ti-6Al-4V[END_REF][START_REF] Carroll | Anisotropic tensile behavior of Ti-6Al-4V components fabricated with directed energy deposition additive manufacturing[END_REF][START_REF] Åkerfeldt | Influence of microstructure on mechanical properties of laser metal wire-deposited Ti-6Al-4V[END_REF][START_REF] Qiu | Microstructure and tensile properties of selectively lasermelted and of HIPed laser-melted Ti-6Al-4V[END_REF]. These apparently contradictory results were explained by the presence of lack-of-fusion pores in the former group of investigations [START_REF] Azarniya | Additive manufacturing of Ti-6Al-4V parts through laser metal deposition (LMD): Process, microstructure, and mechanical properties[END_REF]. Such pores exhibit a flat or angular morphology and are generally oriented perpendicular to the build direction, which makes them extremely harmful for mechanical properties and leads to a low ductility along the build direction [START_REF] Qiu | Fabrication of large Ti-6Al-4V structures by direct laser deposition[END_REF].

The role of microstructural features on anisotropy in tensile properties was also the subject of numerous studies. According to Liu and coworkers [START_REF] Liu | Effect of α texture on the tensile deformation behavior of Ti-6Al-4V alloy produced via electron beam rapid manufacturing[END_REF], differences in strength stem from the crystallographic texture of α / α' phase as the orientation distribution was observed to vary significantly for different loading directions. This results from the restricted number of possible α / α' variants within prior β grains. The authors also reported that the anisotropy in ductility may result from deformation concentration in β grains with lower strength, where the distribution of α variants is more favorable to plastic deformation. A similar study was carried out by Liu et al. who confirmed the role of the crystallographic texture of the α phase but observed that the spatial orientation of α lamellas is of importance as well [START_REF] Liu | Effects of the crystallographic and spatial orientation of α lamellae on the anisotropic in-situ tensile behaviors of additive manufactured Ti-6Al-4V[END_REF]. Using high resolution digital image correlation, Book et al. confirmed that strain accumulation occurs in lamellas with a major axis approximately 45 ° to the loading direction [START_REF] Book | Strain localization in Ti-6Al-4V Widmanstätten microstructures produced by additive manufacturing[END_REF]. A key role of grain boundary α layers, where early damage preferentially occurs, was also suggested from several studies [START_REF] Liu | Effects of Post Heat Treatments on Microstructures and Mechanical Properties of Selective Laser Melted Ti6Al4V Alloy[END_REF][START_REF] Carroll | Anisotropic tensile behavior of Ti-6Al-4V components fabricated with directed energy deposition additive manufacturing[END_REF][START_REF] Liu | Additive manufacturing of Ti6Al4V alloy: A review[END_REF][START_REF] Simonelli | Effect of the build orientation on the mechanical properties and fracture modes of SLM Ti-6Al-4V[END_REF]. These different scenarios highlight the critical importance of the elongated morphology of prior β grains. This is illustrated by the direct relationship between anisotropic ductility and the aspect ratio of prior β grains [START_REF] Wilson-Heid | Quantitative relationship between anisotropic strain to failure and grain morphology in additively manufactured Ti-6Al-4V[END_REF]. However, the mechanistic origin is not completely clear yet to the best of the author's knowledge, owing to limited evidence of the role of mesoscale microstructural features such as β grains on strain localization.

In the present study, tensile properties and the associated anisotropy were investigated in Ti-6Al-4V as-built by LMD using powder feedstock. Two samples fabricated with and without argon shielding gas were studied. The microstructure was first examined while considering the different characteristic lengthscales. Dimensions and crystallographic orientations were characterized using a variety of techniques including optical microscopy (OM), Scanning Electron Microscopy (SEM) and Electron Back-Scattered Diffraction (EBSD). Porosity, which was previously reported to substantially influence tensile properties, was also analyzed in 3D using complementary X-ray micro-computed tomography (µ-CT). The tensile properties were measured using different loading directions and considering the distance to the substrate and the free edges. In order to obtain a mechanistic understanding of the observed anisotropy, in-situ tensile testing combined with digital image correlation (DIC) was also performed as this technique provides unique information about deformation and strain localization in relation to the microstructure [START_REF] Book | Strain localization in Ti-6Al-4V Widmanstätten microstructures produced by additive manufacturing[END_REF][START_REF] Lunt | The effect of loading direction on strain localisation in wire arc additively manufactured Ti-6Al-4V[END_REF][START_REF] Guévenoux | Plastic strain localization induced by microstructural gradient in laser cladding repaired structures[END_REF][START_REF] Foehring | Characterizing the tensile behavior of additively manufactured Ti-6Al-4V using multiscale digital image correlation[END_REF][START_REF] Karlsson | Digital image correlation analysis of local strain fields on Ti6Al4V manufactured by electron beam melting[END_REF][START_REF] Moridi | Deformation and failure mechanisms of Ti-6Al-4V as built by selective laser melting[END_REF]. The origin of tensile anisotropy in the investigated material is finally discussed in light of the obtained data.

Materials and methods

Fabrication

Ti-6Al-4V samples were manufactured by Safran Aircraft Engine, Châtellerault plant in France, using an ELI grade Ti-6Al-4V powder in a Trumpf Trulaser 7040 LMD unit. Composition of the pre-alloyed powder is reported in table 1. Particles morphology was spherical and the average diameter was 67 µm. Manufacturing was carried out using a 40 mm x 100 mm x 5 mm Ti-6Al-4V substrate. A 350 W laser power was used and the travel speed was set to 700 mm/min. The powder feed rate was 0.7 g/min. A 180 ° alternating scanning strategy involving turning the orientation of each over-building layer by 180° was applied. A schematic representation is shown in figure 1. Directions used throughout the article are shown as well.

Step sizes of 280 µm along the transverse direction (i.e. the build direction) and of 800 µm along the normal direction were used. The resulting parallelepipeds exhibit dimensions of 70 x 27 x 40 mm 3 . In order to assess the influence of the oxygen contamination during fabrication, two samples were manufactured with and without argon shielding atmosphere but similar process parameters. They are denoted as SA and SB respectively and shown in figure 2. While the SA sample exhibits a sliver color, the SB sample has a dark blue color. This color change is consistent with the consequences of an increase in oxygen content in argon shielding gas reported by Li et al. [START_REF] Li | Effects of oxygen contamination in the argon shielding gas in laser welding of commercially pure titanium thin sheet[END_REF]. Importantly, a crack, which grew days after sample fabrication, was present in the SB sample and is visible in figure 2. 

Microstructure and porosity characterization

Microstructural characterization was carried out on specimens first ground with SiC paper up to 4000 grade. A rough polishing step involving a 9 µm diamond suspension was applied before finishing with a mixture of 10 % hydrogen peroxide and 90 % colloidal silica solution containing 0.04 µm particles. No additional preparation step was used for SEM and EBSD characterization. A Tescan Vega 3 SEM operated at 20 kV was used for microstructure observation and porosity evaluation. Crystallographic orientations were characterized using the EBSD technique. A JEOL 6100 SEM equipped with an Hikari EBSD detector and an OIM-EDAX system was used for this purpose. 0.8 µm or 0.5 µm step sizes were applied. Postprocessing of EBSD data was carried out using the OIM Analysis software. Parent β grain reconstruction was achieved using the MTEX Matlab toolbox [START_REF] Niessen | Parent grain reconstruction from partially or fully transformed microstructures in MTEX[END_REF][START_REF] Bachmann | Texture Analysis with MTEX -Free and Open Source Software Toolbox[END_REF] based on Burgers orientation relationships [START_REF] Burgers | On the process of transition of the cubic-body-centered modification into the hexagonal-close-packed modification of zirconium[END_REF]:
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Optical characterization of microstructures was carried out using a Zeiss MOZ2 microscope. Samples used for optical analyses were etched using Kroll's reagent (i.e. a mixture of 6 % HNO3, 3 % HF and H2O) to reveal the microstructural features. Dark field micrographs are shown in the present article.

In addition to SEM observations, porosity was characterized in 3D using µ-CT. A tomograph manufactured by RX Solution equipped with a Hamamatsu sealed type microfocus X-ray tube operating at 40-150 kV / 0-500 µA, within a maximum power of 75 W was used for this purpose. A 5 μm resolution was used in this work, with an accelerating voltage of 100 kV and a beam current of 59 µA. This X-ray detector consists in an X-ray CsI scintillator screen which is settled on an amorphous silicon layer. For 3D reconstruction, X-ray images were acquired from 1120 rotation views over 360° of rotation (approximately 0.32° rotation step). The reconstruction was performed using an algorithm based on the filtered backprojection procedure for Feldkamp cone beam geometry.

Mechanical testing

Room temperature tensile tests were performed using small specimens to investigate the influence of the distance to the substrate or to a free surface. Flat dog-bone specimens with gauge dimensions of 10 mm x 2 mm x 800 µm were used for this purpose. The surfaces of the specimens were ground using SiC paper up to 4000 grade before testing. Specimens were extracted along the transverse direction (TD) and the longitudinal direction (LD) defined in figure 1. Specimens could not be machined along TD in the SB sample owing to the presence of the crack visible in figure 2. As a consequence, only tensile properties along LD could be compared with and without shielding argon. Tensile tests were carried out up to failure using an Instron 8862MT universal testing machine. A strain rate of about 10 -4 s -1 was achieved using a crosshead displacement control. An extensometer was used to derive strain during the tests.

Strain localization at the mesoscale was investigated using tensile tests carried out in situ under an optical microscope. Specimens with the same geometry as described above were machined along LD and TD in the SA sample and along LD in the SB sample. After grinding, polishing and subsequent etching, specimens were tested using a Deben miniaturized tensile stage with a 5 kN load cell. Incremental loading was carried out using a 0.5 mm / min crosshead displacement rate. Crosshead displacement was stopped before micrographs acquisition. As a noticeable stress relaxation occurred, micrographs were taken after load stabilization. A Zeiss MOZ2 microscope was employed to map the whole gauge length before loading and under load using 60 2452 x 2048 pixel² micrographs taken in dark field mode. The resolution was 3024 pixels / mm. Autofocus was performed at each tile. The ImageJ stitching routine was applied to merge individual micrographs and one binning step was applied to reduce the size of images. The resolution was then 1512 pixels / mm. The NCorr Matlab toolbox was employed for digital image correlation [START_REF] Blaber | Ncorr: Open-Source 2D Digital Image Correlation Matlab Software[END_REF]. For the study of strain localization in small regions, the subset size was 40 pixels, the step size was 10 pixels and the magnitude of the strain component along the loading direction was derived using a disk with a 41 pixels radius. For the study of strain localization at the scale of the whole gauge length of the specimens, an additional binning step was applied to the images. The resulting resolution was 756 pixels / mm. DIC analysis was carried out using a subset size of 30 pixels, a step size of 10 pixels and the magnitude of the strain component along the loading direction was derived using a disk with a 41 pixels radius. Tensile tests were stopped at moderate strains (< 3 %) to ensure a limited evolution of the surface roughness, which may impair correlation.

Results

Microstructure

SEM micrographs shown in figure 3 reveal a basketweave microstructure in both samples. No β phase could be clearly identified using back-scattered electron micrographs, suggesting that α' martensite is present. However, one cannot exclude that decomposition into α+β phases may proceed at a scale that could not be resolved with the applied procedure. The thickness of α' (or α) laths was measured manually for each sample. Between 140 and 200 measures were performed. No significant difference was noticed as average values were 0.40 µm and 0.37 µm with associated standard deviations of 0.22 µm and 0.20 µm for the SA and SB samples respectively. The spacing is approximately 250 µm. Bands normal to ND are also visible on figure 4b and4c, with a spacing about 700 µm. Both values match well with step sizes used in the manufacturing routes and given in the paragraph 2.1. They correspond to specific arrangements of α' plates, most likely resulting from the complex thermal history. As a consequence, these bands will be denoted as HAZ bands in the following. Microstructural heterogeneities associated with HAZ bands normal to TD were further studied using backscattered electron (BSE) micrographs captured on the surface of a polished specimen. A region of approximately 1 mm long is shown in figure 5. Inserts show periodic arrangements of α' plates, repeating every ≈ 500 µm. Similar variants, as indicated by the spatial orientations of α' plates, are found in repeating patterns. This suggests that β grains extend along TD over several millimeters. Examples of microstructural heterogeneities associated with HAZ bands are displayed in smaller regions shown with a higher magnification in figure 5. Region 1, which contains α' plates with spatially homogeneous sizes and distribution of variants, can be considered as a reference microstructure located in between HAZ bands. Some white bands observed using dark field optical microscopy were found to result from very specific distributions of α' variants. The bundle of vertically oriented α' laths shown in region 2 illustrates such microstructural arrangement. No gradient in size of α' plates is obvious in this region. In contrast, an examination of the microstructure in region 3 suggests a noticeable change in thickness of α' plates along TD, which also results in vertical bands in dark field optical micrographs. As the segmentation of individual α' plates is difficult, this observation has to be taken with great care and no quantitative assessment is provided. These features reveal a complex layered structure, which repeats every ≈ 500 µm along TD and includes HAZ bands every ≈ 250 µm. Inverse pole figure maps showing the crystallographic orientations are displayed in figure 6. Crystallographic orientations are given along the TD direction in the TD-LD plane and along the LD direction in the LD-ND plane. The map showing crystallographic orientations in the TD-LD plane confirms the presence of periodic patterns along TD with a 500 µm spacing. HAZ bands can be distinguished owing to specific α' arrangements such as described in the previous paragraph. In particular, bundles of vertically oriented α' plates found in these regions exhibit both preferred texture and specific spatial positioning of α' plates as a result of the existing relation between crystallographic orientations of α/α' plates and their habit planes [START_REF] Tong | Using transmission Kikuchi diffraction to characterise α variants in an α+β titanium alloy[END_REF][START_REF] Zheng | Determination of the structure of α-β interfaces in metastable β-Ti alloys[END_REF][START_REF] Bignon | Martensite formation in titanium alloys: Crystallographic and compositional effects[END_REF][START_REF] Mukherjee | LATTICE CORRESPONDANCE AND CRYSTALLOGRAPHY OF MARTENSITES IN TITANIUM ALLOYS[END_REF]. Inverse pole figure maps in the LD-ND plane are shown for the SA and SB samples in figure 6. Although the mapped area is similar, no alternating pattern could be observed. However, examination of the spatial distribution of α' crystallographic orientations suggests that the prior β grains, which include a restricted number of α' variants, are smaller than the investigated area. To confirm this hypothesis, the parent β grain structure was reconstructed based on Burgers orientation relationships (BOR) [START_REF] Burgers | On the process of transition of the cubic-body-centered modification into the hexagonal-close-packed modification of zirconium[END_REF][START_REF] Bhattacharyya | The role of crystallographic and geometrical relationships between α and β phases in an α/β titanium alloy[END_REF]. Crystallographic orientations of parent β phase are shown in figure 7. Observations in the TD-LD plane reveal β grains exceeding several millimeters in length running along the TD direction, which is characteristic of the columnar β grains classically found in additively manufactured parts [START_REF] Liu | Additive manufacturing of Ti6Al4V alloy: A review[END_REF]. However, their shape is periodically modulated along TD. The characteristic lengthscale is consistent with the thickness of deposited layers (i.e. about 270 µm). Hence, this feature may result from the 0° -180° alternating strategy: the laser travels in the opposite direction in adjacent layers. No such feature is observed in the LD-ND plane. In addition to the lack of patterns, β grains appear slightly elongated along LD in this plane. This observation holds for both SA and SB samples. 

Porosity

Given its prevalence in AM, porosity was studied using two distinct methodologies enabling characterization at different lengthscales. SEM mapping was used to detect smaller pores and discriminate different types of pores based on their morphology. Porosity was analyzed at a high magnification in 1.3 x 0.4 mm² cross sectional areas (denoted as Map1 analyses), which enabled to detect the smallest pores, and at a lower magnification in 2 x 10 mm² cross sectional areas (denoted as Map2 analyses), which are representative of the gauge length of tensile specimens used for mechanical testing. Map1 and Map2 analyses were repeated several times on different samples using various observation planes. In particular, Map 1 data includes four 1.3 x 0.4 mm² regions and Map 2 data include two 2 x 10 mm² regions. As no significant difference could be detected, trends and values established for each type of analyses encompass several conditions. According to the micrographs, most pores were round gas entrapment pores although a few of them exhibited more angular shapes which indicates that the presence of a restricted number of small lack-of-fusion pores cannot be ruled out. Examples are shown in figure 8. Table 2 summarizes features of the porosity determined using the different procedures. Fractions about 1.9 x 10 -4 % were obtained for Map1 and 3.0 x 10 -4 % for Map2. The surface fraction associated with porosity is thus very low. According to Map1 analyses, the average pore area was about 1.0 µm² with a standard variation of 2.5 µm². The biggest pore had an area of 10.1 µm². The pixel area for such analyses was 0.1 µm². Based on Map2 analyses, the average pore area was about 3.5 µm² with a standard variation of 5.7 µm² and the maximum area was 28 µm². The pixel area for such analyses was 0.5 µm². Both analyses procedures revealed that large pores, which systematically exhibited round geometries characteristic of gas entrapment pores, accounted for most of the surface fraction associated with porosity. For instance, 20 % of the total area associated with porosity pertains to the largest pore based on Map2 analyses. Consistently, the distribution of the pores was not homogenous as no pore could be found on 2 out of the 4 individual regions investigated in Map1 analyses. µ-CT was employed to characterize porosity in 3D inside a volume equivalent to the gauge length of tensile specimens. While this technique exhibits a lower spatial resolution than SEM, the distribution of isolated large pores, i.e. with a radius higher than typically 5 µm, can be more reliably analyzed. Radiographs were performed on 10 tensile specimens to characterize porosity in a volume of 2 mm x 10 mm x 0.8 mm. It is worth noting that the volume fraction of pores could not be measured reliably using radiographs due to low contrast, however large pores were successfully detected. The tensile specimen containing the largest pore was selected for tomography of the whole gauge length. A 3D view of the segmented porosity is shown in figure 9. 99 pores were detected for a volume fraction of 8.2 x 10 -3 %. The largest pore had a 44 µm equivalent radius and accounted for 36 % of the porosity volume in the investigated region. The average radius was 9 µm and the associated standard deviation was 6 µm. The aspect ratio was 0.57 in average with a standard deviation of 0.14. These values demonstrate the prevalence of round pores, which are characteristic of gas entrapment pores. No convincing evidence of pores typically classified as resulting from lacks of fusion was obtained using this technique. 3D images of the pore distribution also reveal the presence of strings of pores aligned along the LD direction. It is worth noting that the smallest pores identified using SEM in Map1 and Map2 analyses, could not be detected as the voxel size was 5 µm. This feature leads to a higher average pore size measured using µ-CT. In addition, the actual porosity fraction is likely to be higher than these values as neither SEM nor µ-CT based analyses can account for both large isolated and small but closely spaced pores. However, the higher volume fraction measured using µ-CT than using SEM confirms the prevalence of large and isolated pores, which can be missed using characterization of smaller 2D regions. 

Tensile properties

Tensile properties in the SA sample were assessed using 5 specimens tested along TD and 6 specimens tested along LD. Regarding specimens tested along TD first, engineering stress -strain curves are shown in figure 10a and average tensile properties are reported in table 3. Numbering of the specimens reflects the distance in millimeter to the sample surface: high values correspond to specimens within the bulk. The average yield strength and ultimate tensile strength are 1100 MPa and 1185 MPa respectively. The average elongation is about 5.6 %. The data displays a limited variability in yield strength and ultimate tensile strength along TD. In contrast, elongation values exhibit a high variability as they range between 1.6 % and 8.9 %. Although the lowest elongation value was reached for the specimen closest to the surface, no statistically meaningful relation between the distance to the surface and the tensile properties could be evidenced. This is supported by the low R² value associated with the linear regression shown in figure 11. 11, no major influence of the distance to the substrate or to the free surface was evidenced on elongation. Tensile tests were also carried out on 6 specimens extracted along LD from the SB sample. It is worth noting that all specimens from the SB sample were examined to detect existing cracks prior to tensile testing and no crack could be detected using low magnification optical microscopy. Stress-strain curves are shown in figure 10c and tensile properties are summarized in table 3. The average yield strength and ultimate tensile strength are 1220 MPa and 1316 MPa respectively. The average elongation is about 2.3 %. The average yield strength and ultimate tensile strength are thus substantially higher in the SB sample than in the SA sample while the average elongation is lower. However, the same trends as noticed for the SA sample are obtained, such as a high variability in elongation and no convincing influence of the distance to the substrate or to the free surface. In particular, the linear regression showing the evolution of elongation with respect to the distance to the free surface exhibits the opposite trend as compared to the SA sample. This highlights that the high intrinsic variability in elongation may mask any potential effect of the distance to the substrate or to the free surface. 

Strain localization

In order to understand the noticeable anisotropy in ductility evidenced in the previous paragraph, in-situ tensile tests combined with DIC were carried out using specimens extracted along TD and LD from the SA sample. Maps showing the magnitude of the strain component along the loading direction are reported in figure 12. Dark field optical micrographs showing the microstructure are also displayed in figure 12. The strain field corresponding to an average macroscopic strain about 2.8 % along TD reveals periodic oscillations of the magnitude. This is illustrated in the average strain profile along the gauge length reported in figure 12b. A comparison of the strain field and the corresponding optical micrograph suggests that alternating high and low strain regions are separated by HAZ bands. Strain localization seems to proceed normal to TD according to this map. No such feature is observed for the specimen tested up to 2.9 % macroscopic strain along LD. Strain appears more localized, which leads to a higher degree of strain heterogeneity. This is more clearly demonstrated in the plot of the strain distribution frequencies reported in figure 13. Indeed, the width of the distribution is significantly higher in the specimen tested along LD than along TD. In addition, strain localization proceeds along bands oriented 45 ° to LD, which is the loading direction, while strain localization appeared normal to the loading direction in the specimen tested along TD. A 2.7 % macroscopic strain was applied on a specimen extracted along LD from the SB sample. The strain field is presented in figure 12d, and the same observations as carried out for the specimen from the SA sample tested along LD can be made: the strain is highly heterogeneous and localized in bands oriented 45° to the loading axis. It is also worth noting that similar macroscopic strain levels were applied for specimens tested along LD from the SA and SB samples, and resulted in similar strain distribution frequencies as shown in figure 13. The strain field was calculated in a smaller region of the specimen from the SA sample tested along TD using different DIC parameters in order to analyze strain distribution at a finer scale. The corresponding map is shown in figure 14a. Strain is localized along bands oriented about 45 ° to the loading axis. They extend over a few hundreds of microns and end at HAZ bands. These observations reveal that the apparent strain localization normal to TD actually results from numerous small shear bands oriented 45° to TD and constrained between HAZ bands, which could not be resolved in figure 12. Micrographs showing the microstructure before loading are also reported and suggest that the strain is likely to be localized along α' plates. Such finding is consistent with prior observations using high resolution DIC [START_REF] Book | Strain localization in Ti-6Al-4V Widmanstätten microstructures produced by additive manufacturing[END_REF]. The specific features of α' plates visible in HAZ bands may play a key role in hindering shear band extension across the gauge length. A map showing the strain field in a small region of the specimen from the SA sample and tested along LD is displayed in figure 14b for comparison. The strain was calculated using the same DIC parameters as used for figure 14a. No localized deformation restricted to a few hundreds of microns such as noticed for the specimen tested along TD is observed. Shear bands extend over a longer range for this specimen. It is worth noting that several neighboring α' plates may contribute to the formation of a single shear band. The influence of HAZ bands on strain distribution over the gauge length is less clear in specimens tested along LD. Examination of the strain fields shows no convincing evidence of differences in deformation behavior nearby these features. In particular, they do not prevent the occurrence of shear localization across the entire specimen cross section. Multimodal characterization was carried out before and after deformation in the same region of a specimen from the SA sample tested along TD. The aim was to clarify the respective role of HAZ layers and β grains, which both exhibit periodic patterns along TD, in the inhibition of shear extension over multiple millimeters. Microstructure, crystallographic orientations and strain field in a region encompassing several HAZ layers and β grains are presented in figure 15. Careful examination of the strain heterogeneities reveals that the variations in strain magnitude such as evidenced in figure 12a are present within a single β grain but matching HAZ bands. This provides a clear evidence of the critical influence of HAZ bands and the associated layered structure on strain localization. Microtexture variations in relation to HAZ bands were also studied within a β grain shown in figure 15. Superimposed image quality and inverse pole figure maps in the investigated region are presented in figure 16. As evidenced previously, α' plates exceeding 100 µm in length are present in regions in between HAZ bands. Interestingly, α' plates do not continuously extend across HAZ bands. This feature, which is consistent with the difficult extension of deformation bands discussed in previous paragraphs, suggests that the thermal history associated with subsequent layer depositions may have triggered the formation of a new distribution of α' plates. 6 sub-regions denoted R1 to R6 were defined to consider HAZ bands (R1 and R4) and regions located in between (R2-3 and R5-6) separately. To analyze local differences in the distribution of α' variants, (0001) pole figures are shown for each sub-region in figure 16. The poles with the maximum intensities are indicated. Examination of pole figures suggests that each region in between HAZ bands has a homogeneous microtexture. However, the poles with the maximum intensities are not the same in R2-3 and R5-6. This observation reveals that the variant distribution is different on both sides of a HAZ band. The pole with the maximum intensity in R4 is the same as in R2 and R3, showing no specific microtexture in this sub-region. In contrast, the pole with the maximum intensity in R1 is very specific and does not match the one in R2 and R3. This points out a different local texture in the HAZ band. To summarize, the spatial heterogeneities of the deformation behavior in relation to HAZ bands may stem from multiple features: i. variations in size of α' plates can exist at HAZ bands, thus hindering slip extension, ii. this could also result from a very specific microtexture at HAZ bands, and/or iii. distributions of α' variants can substantially differ on both sides of HAZ bands, which may lead to a different ability to plastically deform. The respective contributions of these different microstructural heterogeneities are discussed in the following section. 20

Discussion

In the present study, the microstructure and the tensile behavior of Ti-6Al-4V manufactured by LMD were characterized. As this work is motivated by repair applications, as-built samples were studied. Several prior studies have also considered as-built LMD samples [START_REF] Zhong | Laser Metal Deposition of Ti6Al4V-A Brief Review[END_REF][START_REF] Azarniya | Additive manufacturing of Ti-6Al-4V parts through laser metal deposition (LMD): Process, microstructure, and mechanical properties[END_REF]. Similar basketweave microstructures composed of α' plates gathered in β grains elongated along TD have been obtained. However, the morphology appears periodically modulated along TD according to observations from cross sections, which may suggest herringbone patterns or variations in cross section area normal to TD. HAZ bands normal to TD and ND were also noticed and result from layer and track deposition respectively. Detailed characterization of HAZ bands normal to TD revealed a complex layered structure including variations in size and crystallographic variant distribution of α' plates. Regarding tensile properties, yield strength, ultimate tensile strength and elongation values of the SA sample are similar to data reported in the literature [START_REF] Azarniya | Additive manufacturing of Ti-6Al-4V parts through laser metal deposition (LMD): Process, microstructure, and mechanical properties[END_REF][START_REF] Liu | Additive manufacturing of Ti6Al4V alloy: A review[END_REF][START_REF] Beese | Review of Mechanical Properties of Ti-6Al-4V Made by Laser-Based Additive Manufacturing Using Powder Feedstock[END_REF], although the strength and elongation are in the upper and lower ranges of values respectively. Overall, these results are consistent with prior studies focused on Ti-6Al-4V as-built using LMD. However, new insights into the relationships between processing, microstructure and mechanical properties can be derived from salient observations made in this work, which pertains to i. the consequences of the lack of argon shielding to the microstructure and mechanical properties, ii. the link between tensile anisotropy and strain localization and iii. the high variability in tensile properties. These three topics are discussed in the following paragraphs.

Effect of the shielding atmosphere

One sample manufactured without shielding argon gas was studied, as the setting up of a protective atmosphere can be highly restrictive for large components. As compared to literature data, strength values are high while the ductility is low [START_REF] Azarniya | Additive manufacturing of Ti-6Al-4V parts through laser metal deposition (LMD): Process, microstructure, and mechanical properties[END_REF][START_REF] Amsterdam | High Cycle Fatigue of Laser Beam Deposited Ti-6Al-4V and Inconel 718[END_REF][START_REF] Longhitano | Correlation between microstructures and mechanical properties under tensile and compression tests of heat-treated Ti-6Al-4V ELI alloy produced by additive manufacturing for biomedical applications[END_REF]. However, it is interesting to notice that the strain distribution is not significantly affected by the lack of argon shielding. The reduced ductility is thus likely to pertain to a decreased ability to withstand strain. In addition, a large crack grew in the SB sample after manufacturing while the SA sample remained intact. This feature testifies of a high internal stress magnitude stemming from the fabrication process. The reduced ability of the SB sample to tolerate high internal stress magnitudes may also result from early damage and failure induced by the lack of argon shielding. This behavior probably ensues from the reactivity of the material with its environment during manufacturing.

The ingress of interstitial elements during manufacturing, which provides a substantial solid solution strengthening in Ti alloys, is likely to be responsible for the higher strength and lower ductility noticed in paragraph 3.3. The post-fabrication oxygen contents are 0.12 µg/g and 0.18 µg/g in the SA and SB samples respectively. The absence of argon shielding thus led to a significant oxygen enrichment of the SB sample, which remains in the range encountered in conventional Ti-6Al-4V alloys [START_REF] Boyer | Materials properties handbook: titanium alloys[END_REF]. It is interesting to notice that a substantial nitrogen uptake occurred as well. The post-fabrication nitrogen contents are 0.01 µg/g and 0.09 µg/g in the SA and SB samples respectively. The nitrogen concentration found in the SB sample exceeds the nominal Ti-6Al-4V nitrogen content [START_REF] Boyer | Materials properties handbook: titanium alloys[END_REF], and can result in a substantial effect on tensile and fatigue properties [START_REF] Collins | The Effect of Dissolved Nitrogen on the Fatigue Behavior of Ti-6Al-4V, Metall[END_REF]. However, no significant difference was observed regarding microstructural features, which suggests that oxygen and nitrogen uptakes does not significantly influence the resulting microstructure. The review by Conrad reports a similar solid strengthening for oxygen and nitrogen in Ti [START_REF] Conrad | Effect of interstitial solutes on the strength and ductility of titanium[END_REF]. Given the similar concentration increases for both interstitial elements during the manufacturing process, the high strength and low ductility are likely to stem from both increased oxygen 21 and nitrogen contents. While the effects of oxygen contamination have been extensively characterized [START_REF] Liu | Additive manufacturing of Ti6Al4V alloy: A review[END_REF], further studies are needed on the role of nitrogen on mechanical properties of additively manufactured Ti alloys to consider component repair without shielding argon atmosphere.

Tensile anisotropy

Tensile properties were assessed in the SA sample using different loading directions. Similar strengths were noticed along TD and LD while the elongation was observed to be lower along LD. Porosity is a well-known cause of tensile anisotropy in additively manufactured Ti-6Al-4V. The present analysis of porosity revealed the absence of large lack-of-fusion pores, which are generally acknowledged as the root cause of a pronounced anisotropy in ductility. Furthermore, differences in tensile properties between TD and LD directions are consistent with prior studies involving no, or little, influence of lack-of-fusion pores on the tensile behavior [START_REF] Azarniya | Additive manufacturing of Ti-6Al-4V parts through laser metal deposition (LMD): Process, microstructure, and mechanical properties[END_REF]. In their review, Beese and Caroll suggested a transition from porosity driven anisotropy in ductility to microstructure driven anisotropy for porosity fractions lower than 0.2 % [START_REF] Beese | Review of Mechanical Properties of Ti-6Al-4V Made by Laser-Based Additive Manufacturing Using Powder Feedstock[END_REF]. The presently reported study involving a porosity fraction below 0.01 % highlighted trends typical of the anisotropy generated by microstructural features. Furthermore, this is consistent with the results of Qiu et al. who reported similar trends in ductility for hot isostatically pressed samples and as-built samples with a porosity fraction about 0.1 % [START_REF] Qiu | Microstructure and tensile properties of selectively lasermelted and of HIPed laser-melted Ti-6Al-4V[END_REF]. The most salient features of microstructural anisotropy are elongated β grains and HAZ bands. It is worth noting that they pertain to the mesoscale, and their influence on the deformation behavior has to be investigated at the relevant scale. In the present work, we have collected large EBSD maps to consider representative regions including several HAZ bands and multiple β grains, and implemented a suitable methodology for the study of strain localization at this scale.

As mentioned in the introductory section, differences in yield strength depending on the loading direction were generally linked to differences in crystallographic orientation distributions. This is consistent with the more or less favorable crystallographic orientation of α/α' plates regarding the onset of slip activity through Schmid's law. In order to explain the similar strengths levels along TD and LD in the SA sample, the maximum Schmid factor (SF) among basal and prismatic slip systems was calculated for each pixel of the EBSD map presented in figure 6a. These two slip modes were considered as they are the main slip systems operating in Ti-6Al-4V [START_REF] Hémery | Influence of Microtexture on Early Plastic Slip Activity in Ti-6Al-4V Polycrystals[END_REF][START_REF] Hémery | Microplasticity at Room Temperature in α/β Titanium Alloys[END_REF][START_REF] Hémery | On the influence of ageing on the onset of plastic slip in Ti-6Al-4V at room temperature: Insight on dwell fatigue behavior[END_REF]. In addition, no weight related to the critical resolved shear stress values was introduced as they exhibit similar strengths according to a recent review [START_REF] Hémery | Microplasticity at Room Temperature in α/β Titanium Alloys[END_REF]. The average values are 0.409 and 0.434 along TD and LD respectively. The distribution frequencies of maximum SF are reported in figure 17a. Overall distributions for the SA sample are quite similar for all directions, especially regarding LD and TD. However, the distribution associated with loading along TD displays a slightly higher frequency for maximum SF around 0.2, which is lower than the values typically associated with slip activity according to experimental observations [START_REF] Hémery | Influence of Microtexture on Early Plastic Slip Activity in Ti-6Al-4V Polycrystals[END_REF]. These minor differences are consistent with the limited anisotropy in strength, however it properly accounts for the higher yield strength along TD than along LD. Distribution frequencies for the SB sample are reported in figure 17b. It is worth noting that the SF distribution frequencies were established using an EBSD map in the LD-ND plane, while the TD-LD plane was used for the SA sample. The average values are 0.409 and 0.433 along TD and LD. These values are consistent with values obtained for the SA sample, suggesting that i. the investigated regions are representative and ii. argon shielding has a negligible influence on the α' texture. While no tensile test could be performed along TD for the SB sample, the limited differences in distributions and average SF values suggest that the yield strength might be slightly higher along TD than along LD in the SB sample as well. It is worth reminding that the SF provides indications about the resolved shear stress magnitude considering a global uniaxial stress state, which is not accurate at the scale of individual α/α' plates, but gives useful information about expected trends. The average elongation was observed to be significantly lower along LD than along TD in the SA sample. Prior studies have drawn an empirical link between this feature and the elongated shape of β grains [START_REF] Wilson-Heid | Quantitative relationship between anisotropic strain to failure and grain morphology in additively manufactured Ti-6Al-4V[END_REF]. However, the exact process leading to a reduced ductility along LD is still not so clear, especially in microstructures lacking α layers at prior β grain boundaries such as considered in the present work. Insitu tensile tests combined with DIC and microstructural observations have revealed major differences in strain localization depending on the loading direction. Highly localized strain was observed for testing along LD, which is also associated with a low ductility. In contrast, the strain is more homogeneously distributed in the specimen tested along TD. High local strain values such as noticed during testing along LD (see figure 12c) are then likely to induce early damage and favor subsequent specimen failure at lower macroscopic strain. The role of strain localization is obvious from the observation of failed specimens. The inclination of fracture surfaces shown in figure 18 matches the strain localization patterns visible in figure 12. In addition, examination of fracture surfaces reveals similar features for both loading directions including dimples covered regions and flatter facets with lamella markings. As a consequence, similar damage and fracture mechanisms are expected for both loading directions, but triggered by different degrees of strain localization.

Examination of strain fields in relation to the underlying microstructure revealed a key role of HAZ bands and the associated layered structure in strain delocalization occurring in specimens tested along TD. Instead of millimeter long 45 ° shear bands running across the specimen width, HAZ bands appear to constrain shear development, hence tackling long range strain localization and leading to a more homogeneous strain distribution. The HAZ bands correspond to local variations in the features of α' plates, likely due to heating of a previously deposited layer. In particular, the presence of specific α' variants and possible variations in size of α' plates were evidenced and can be an obstacle to the development of long shear bands oriented 45° to the loading direction. However, maximum and minimum strain values are located in between HAZ bands where none of these features was found. This suggests a possible role of microtexture in the formation of this strain localization pattern, as local texture differs between both sides of a HAZ band. Microstructure sensitive simulation approaches such as crystal plasticity simulations may provide additional insights into the respective role of these different microstructural features. In contrast, the absence of the complex layered structure normal to LD generates a lack of obstacles to long range strain localization via shear bands extending across the whole section of specimens tested along LD. HAZ bands related to track deposition, which are parallel to the LD-TD plane, do not generate the same inhibition of shear band development as those normal to TD. This difference can be understood as a fiber reinforced composite like behavior. The axial loading condition requires equal strain on both sides of the HAZ walls, leading to minimal strain heterogeneities for testing along LD. In contrast, transverse loading, such as carried out along TD implies similar average stress but different strains in adjacent layers bounded by HAZ bands. According to this rationale, each layer separated by HAZ bands can deform independently in specimens tested along TD while the strain compatibility requirement imposes deformation to develop easily across HAZ bands in specimens tested along LD. Similar anisotropy trends were reported after stress relief heat treatment [START_REF] Simonelli | Effect of the build orientation on the mechanical properties and fracture modes of SLM Ti-6Al-4V[END_REF], which may lead to α' decomposition but no major change in the arrangement of α' / α plates. Hence, the observed strain localization behavior is unlikely to stem from spatially heterogeneous α' decomposition or residual stress at the scale of HAZ bands, which result from the complex thermal history associated with AM [START_REF] Kaschel | Mechanism of stress relaxation and phase transformation in additively manufactured Ti-6Al-4V via in situ high temperature XRD and TEM analyses[END_REF][START_REF] Derimow | In situ absorption synchrotron measurements, predictive modeling, microstructural analysis, and scanning probe measurements of laser melted Ti-6Al-4V single tracks for additive manufacturing applications[END_REF]. However, this should be confirmed by further studies, and illustrates the importance of thorough characterizations of features associated with HAZ bands and the resulting layered structure. In addition, the presently observed differences in strain localization and the induced anisotropy in ductility were not found primarily governed by prior β grains. It is worth noting that β grains and their high aspect ratio have generally been considered responsible for the anisotropy in ductility in prior studies. Further efforts are also needed to understand this apparent disagreement. However, the identification of the major role of HAZ bands and associated layered structure offers new pathways to reduce ductility anisotropy in AM Ti alloys and novel insights into new microstructure optimization routes to improve ductility via the introduction of obstacles to strain localization. 

Variability

A pronounced variability in tensile properties was noticed, especially regarding elongation. Several potential causes were considered in this work. The location of the specimens with respect to the substrate or the free surface could not account for the observed scatter. While the limited effect of the specimen location agrees with findings from [START_REF] Alcisto | Tensile Properties and Microstructures of Laser-Formed Ti-6Al-4V[END_REF], trends reported in [START_REF] Keist | Role of geometry on properties of additively manufactured Ti-6Al-4V structures fabricated using laser based directed energy deposition[END_REF][START_REF] Wolff | Anisotropic properties of directed energy deposition (DED)-processed Ti-6Al-4V[END_REF] have not been noticed. Although an influence cannot be completely ruled out, it seems limited as compared to the intrinsic variability. Large isolated pores were observed to account for most of the porosity fraction. This may suggest a potential role of pores on the observed scatter through a varying ability of specimens to reach a given elongation level due to the probability to contain large pores. As mentioned previously, the tensile specimen from the SA sample tested along LD and containing the largest pore was characterized using µ-CT before tensile testing. Elongation of this specimen was about 4.3 %, which is close to the average value obtained for specimens from the SA sample tested along LD. A radiograph was performed on the failed sample to locate large pores. This is illustrated in figure 19. These pores are located away from the fracture region, which suggests a limited influence on the strain localization or fracture processes. No convincing influence of pores on the fracture process was found as well according to SEM observations such as presented in figure 18. Their implication can thus be dismissed, and they probably do not play a key role in the deformation and fracture processes. As a consequence, porosity is not likely to account for the observed variability, but also to influence significantly the tensile properties. These potential causes being ruled out, one may argue that the dimensions of the employed specimens are quite small as compared to dimensions associated with β grains or HAZ bands. For instance, a restricted number of HAZ bands and β grains are expected across the thickness of specimens tested along LD. As a consequence, a limited amount of microstructural configurations are available in each specimen, especially within one region of intense strain localization where fracture occurs. Therefore, the strain accommodation ability at such local scale is likely to vary from one specimen to another due to the specificities of microstructural configurations. Spatially heterogeneous internal stress may also contribute to this size related variability [START_REF] Strantza | Directional and oscillating residual stress on the mesoscale in additively manufactured Ti-6Al-4V[END_REF][START_REF] Gloaguen | Study of Residual Stresses in Additively Manufactured Ti-6Al-4V by Neutron Diffraction Measurements[END_REF]. Specimen size effects and representative volume elements should thus be the subject of more in-depth studies, as it is important in a repair framework potentially involving deposition of thin sections and small material volumes [START_REF] Barba | On the size and orientation effect in additive manufactured Ti-6Al-4V[END_REF].

Conclusions

In the present study, the microstructure and tensile properties of as-built Ti-6Al-4V by LMD have been characterized with a special emphasis placed on the associated anisotropies. The main conclusions can be drawn as follows:

-Using the applied set of parameters, LMD manufactured Ti-6Al-4V is composed of basketweave α' laths, gathered in prior β grains elongated along TD. Such microstructure is typical of LMD manufactured Ti-6Al-4V. The deposition strategy has a strong influence through the presence of HAZ bands and a modulated morphology of prior β grains along TD.

-The anisotropy in strength is limited. This is consistent with the Schmid factor distributions, which suggest that the onset of plastic deformation should proceed at a similar stress levels although slightly lower along LD. -The substantial anisotropy in ductility results from a different strain localization behavior. In situ tensile tests combined with DIC revealed a more homogeneous strain distribution for testing along TD than LD. Local variations in the distribution of α' plates in relation to HAZ bands constitute obstacles to the formation of long shear bands oriented 45 ° to the loading axis, which are associated to strain localization and a lower ductility. -Prior β grains and their aspect ratio are likely to play a secondary role in the observed anisotropy in ductility. -The volume fraction of porosity is mainly accounted for by a restricted number of isolated pores.

However, no major influence could be evidenced on tensile properties. -The absence of argon shielding atmosphere does not change the microstructural features but leads to a higher strength and a lower ductility. In addition to the oxygen uptake, nitrogen pickup is believed to be of importance regarding this behavior. The reduced ductility is likely to promote cracking due to internal stresses inherited from the manufacturing process. -The root cause of the noticed variability could not be clearly identified. However, the small specimen volume as compared to characteristic microstructural lengthscales such as the HAZ band and β grain sizes is likely to induce the observed elongation scatter.
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 12 Figure 1: Schematic representation of the scanning strategy and associated directions used throughout the present article

Figure 3 :

 3 Figure 3: Back-scattered electron micrographs showing the basketweave microstructure in a. the SA sample and b. the SB sample Dark-field optical micrographs along different cross sectional planes shown in figure 4 confirm the basketweave microstructure noticed using SEM. White bands normal to TD are clearly visible in figure 4a.The spacing is approximately 250 µm. Bands normal to ND are also visible on figure4b and 4c, with a spacing about 700 µm. Both values match well with step sizes used in the manufacturing routes and given in the paragraph 2.1. They correspond to specific arrangements of α' plates, most likely resulting from the complex thermal history. As a consequence, these bands will be denoted as HAZ bands in the following. Microstructural heterogeneities associated with HAZ bands normal to TD were further studied using backscattered electron (BSE) micrographs captured on the surface of a polished specimen. A region of approximately 1 mm long is shown in figure5. Inserts show periodic arrangements of α' plates, repeating every ≈ 500 µm. Similar variants, as indicated by the spatial orientations of α' plates, are found in repeating patterns. This suggests that β grains extend along TD over several millimeters. Examples of microstructural heterogeneities associated with HAZ bands are displayed in smaller regions shown with a higher magnification in figure5. Region 1, which contains α' plates with spatially homogeneous sizes and distribution of variants, can be considered as a reference microstructure located in between HAZ bands. Some white bands observed using dark field optical microscopy were found to result from very specific distributions of α' variants. The bundle of vertically oriented α' laths shown in region 2 illustrates such microstructural arrangement. No gradient in size of α' plates is obvious in this region. In contrast, an examination of the microstructure in region 3 suggests a noticeable change in thickness of α' plates along TD, which also results in vertical bands in dark field optical micrographs. As the segmentation of individual α' plates is difficult, this observation has to be taken with great care and no quantitative assessment is
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 4 Figure 4: Dark field optical micrographs showing the microstructure and HAZ bands in a. the TD-LD plane from the SA sample, b. the LD-ND plane from the SA sample and c. the LD-ND plane from the SB sample.

Figure 5 :

 5 Figure 5: BSE micrographs showing the microstructure in relation HAZ bands in the TD-LD plane from the SA sample.

Figure 6 :

 6 Figure 6: Inverse pole figure maps in the TD-LD (a.) and LD-ND (b.) planes in the SA sample and in the LD-ND (c.) plane in the SB sample. Crystallographic orientations are along the TD direction in the TD-LD plane and along the LD direction in the LD-ND plane.
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 7 Figure 7: Inverse pole figure maps showing the reconstructed prior β grains from the regions shown in figure 5 in the TD-LD (a.) and LD-ND (b.) planes in the SA sample and in the LD-ND (c.) planes in the SB sample. Crystallographic orientations are along the TD direction in the TD-LD plane and along the LD direction in the LD-ND plane.
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 89 Figure 8: Back-scattered electron micrographs showing a. a gas entrapment pore and b. a possible lack of fusion pore

Figure 10 :

 10 Figure 10: Engineering stress -strain curves of specimens extracted along TD (a.) and LD (b.) from the SA sample and along LD (c.) from the SB sampleStress -strain curves of specimens extracted along LD from the SA sample are shown in figure10band average tensile properties are summarized in table3. The average yield strength and ultimate tensile strength are 1089 MPa and 1194 MPa respectively. These values are similar to those measured along TD and associated to a low variability. The average elongation is about 4.4 %, which is lower than along TD. The elongation variability is high as values ranged between 3.1 % and 6.0 %. Elongation values are plotted with respect to the distance to the free surface in figure11. Specimens close to the substrate exhibit numbers close to 40. As shown by the low R² value displayed in figure11, no major influence of the distance to the substrate or to the free surface was evidenced on elongation. Tensile tests were also carried out on 6 specimens extracted along LD from the SB sample. It is worth noting that all specimens from the SB sample were examined to detect existing cracks prior to tensile testing and no crack could be detected using low magnification optical microscopy. Stress-strain curves are shown in figure10cand tensile properties are summarized in table 3. The average yield strength and ultimate tensile strength are 1220 MPa and 1316 MPa respectively. The average elongation is about 2.3 %. The average yield strength and ultimate tensile strength are thus substantially higher in the SB sample than in the SA sample while the average elongation is lower. However, the same trends as noticed for the SA sample are obtained, such as a high variability in elongation and no convincing influence of the distance to the substrate or to the free surface. In particular, the linear regression showing the evolution of elongation with respect to

Figure 11 :

 11 Figure 11: Elongation values plotted with respect to the distance to the free surface. Linear regressions are shown and reveal no statistically meaningful trend based on R² values.

Figure 12 :

 12 Figure 12: a. Map of the strain component along the loading direction for a specimen from the SA sample tested along TD, b. Strain averaged over the normal to the loading direction and plotted as a function of the distance to the left grip, c. and d. Maps of the strain component along the loading direction for specimens tested along LD from the SA and SB samples respectively. Dark field optical micrographs are shown to highlight the relation between microstructure and strain localization.

Figure 13 :

 13 Figure 13: Distribution frequency of the strain magnitude along the loading direction for specimens tested along TD and LD from the SA sample and along LD from the SB sample.

Figure 14 :

 14 Figure 14: a. Map of the strain component along the loading direction in a small region of the specimen tested along TD from the SA sample showing strain localized in bands of a few hundreds of microns oriented about 45 ° to the loading axis. Dark field optical micrographs suggests that they are associated with lamellas and arrest at HAZ bands. b. Strain field in the specimen tested along LD from the SA sample, showing a very different strain distribution. Dark field optical micrographs suggests no specific behavior at HAZ bands along LD.

Figure 15 :

 15 Figure 15: Optical micrographs, SEM micrographs, strain and crystallographic orientation maps before and after deformation showing a similar region. The HAZ layers and β grains are indicated, showing that strain heterogeneity proceeds according to HAZ layers. The crystallographic orientations are given along the loading direction (TD), which is horizontal.

Figure 16 :

 16 Figure 16: Superimposed image quality and inverse pole figure showing the microstructure and the crystallographic orientations along the horizontal direction (TD) in a region containing two HAZ bands (in R1 and R4). (0001) pole figures are given for each sub-region.

Figure 17 :

 17 Figure 17: Distribution frequencies of the maximum Schmid factor among basal and prismatic slip systems for a. loading along TD, LD and ND in the SA sample, b. loading along TD, LD and ND in the SB sample.

Figure 18 :

 18 Figure 18: SEM micrographs of fracture surfaces and overall view of the fractured specimens from the SA sample tested along LD (a.) and along TD (b.). Microscale features are similar while the inclination of fracture surfaces matches the strain localization patterns.

Figure 19 :

 19 Figure 19: Comparison of tomography showing the distribution of pores in 3D before tensile testing and radiograph of the same specimen after failure of the specimen showing that fracture did not involve large pores.

  

Table 1 : Powder composition in wt. %

 1 

	Element	Al	V	C	O	N	H	Fe	Ti
	Composition (wt. %)	6.23	4.06	0.016	0.11	0.007	0.0023	0.17	Balance

Table 2 : Features of porosity based on different measurement procedures

 2 

		Average area / volume (µm² / µm 3 )	Standard deviation (µm² / µm 3 )	Maximum area / volume (µm² / µm 3 )	Number of pores	Area / volume fraction (%)
	Map1	1.0	2.5	10.1	15	1.9 x 10 -4
	Map2	3.5	5.7	28.0	31	3.0 x 10 -4
	CT	9912	37017	360875	99	8.2 x 10 -3

Table 3 : Tensile properties extracted from tests using different samples and loading directions (± indicates the standard deviation)

 3 

	Sample	SA sample		SB sample
	Loading direction	TD	LD	LD
	Number of specimens	5	6	6
	Average Young's modulus (GPa)	122 ± 5.3	113 ± 3.3	119 ± 1.3
	Average YS (MPa)	1101 ± 10	1089 ± 11	1220 ± 15
	Average UTS (MPa)	1185 ± 12	1194 ± 15	1316 ± 1
	Average elongation to failure (%)	5.6 ± 2.6	4.4 ± 1.2	2.3 ± 0.9

Acknowledgements

Safran Aircraft Engines, and more specifically Sébastien Rix and André Malié, is acknowledged for support. This work was partially funded by the French Government program "Investissements d'Avenir" (EQUIPEX GAP, reference ANR-11-EQPX-0018). This work has been partially supported by « Nouvelle Aquitaine » Region and by European Structural and Investment Funds (ERDF reference: P-2016-BAFE-94/95). "Contrat de Plan Etat -Région Nouvelle-Aquitaine" (CPER) as well as the "Fonds Européen de Développement Régional (FEDER)" are acknowledged for their financial support to the reported work in the context of the OPERA program (convention P-2020-BAFE-3).