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Mechanism of porosity formation and influence on mechanical properties in selective laser melting of Ti-6Al-4V parts

An original approach based on 2D fracture surface and 3D X-ray tomography analysis is proposed in this paper. Its application in selective laser melting of Ti-6Al-4V provides substantive clarifications regarding both mechanisms of porosity formation and their influence on mechanical properties. Unambiguously, a one-toone relationship between the scanning strategy pattern and the 3D spatial distribution of porosities is highlighted. In an original manner, the 3D location of porosities, their morphology and their orientation are analyzed with respect to the laser spot path. The results show that pores are mainly localized on the overlay zones and support the lack of energy induced by the lower energy at the periphery of the laser spot as the main mechanism of porosity formation. Finally, both tensile properties and crack path are shown to be influenced by the presence and 3D distribution of porosities.

Introduction

Selective Laser Melting (SLM) or Direct Metal Laser Sintering (DMLS) is an additive manufacturing process based on powder bed fusion (PBF) and widely studied in recent years for the production of metallic parts, from pure Ti, Ti alloys, Al alloys, steels and so on [ [START_REF] Attar | Comparison of wear properties of commercially pure titanium prepared by selective laser melting and casting processes[END_REF], [START_REF] Attar | Manufacture by selective laser melting and mechanical behavior of commercially pure titanium[END_REF], [START_REF] Wysocki | Microstructure and mechanical properties investigation of CP titanium processed by selective laser melting (SLM)[END_REF], [START_REF] Chlebus | Microstructure and mechanical behaviour of Ti-6Al-7Nb alloy produced by selective laser melting[END_REF], [START_REF] Zhang | Selective laser melting of titanium alloys and titanium matrix composites for biomedical applications: a review[END_REF], [START_REF] Bormann | Tailoring selective laser melting process parameters for NiTi implants[END_REF], [START_REF] Thijs | A study of the microstructural evolution during selective laser melting of Ti-6Al-4V[END_REF], [START_REF] Simonelli | Microstructure of Ti-6Al-4V produced by selective laser melting[END_REF], [START_REF] Olakanmi | A review on selective laser sintering/melting (SLS/SLM) of aluminium alloy powders: processing, microstructure, and properties[END_REF], [START_REF] Schwab | Microstructure and mechanical properties of the near-beta titanium alloy Ti-5553 processed by selective laser melting[END_REF], [START_REF] Akita | Defect-dominated fatigue behavior in type 630 stainless steel fabricated by selective laser melting[END_REF]]. A 3D component is built by selectively melting powders within and between layers. The heat source is a finely focused laser. This technology, of considerable importance due its potentially cost effectiveness, low material waste and possibilities it offers to produce complex-shapes components meets a growing success in the aerospace industry [START_REF] Gorsse | Additive manufacturing of metals: a brief review of the characteristic microstructures and properties of steels, Ti-6Al-4V and high-entropy alloys[END_REF][START_REF] Kruth | Consolidation phenomena in laser and powder-bed based layered manufacturing[END_REF]. In particular, the Ti -6 wt% Al -4 wt% V alloy is of interest owing to its high corrosion resistance and high specific strength [START_REF] Boyer | Materials Properties Handbook: Titanium Alloys[END_REF]. However, actual knowledge on the SLM process remains insufficient and hinders its development on a larger scale [START_REF] Akita | Defect-dominated fatigue behavior in type 630 stainless steel fabricated by selective laser melting[END_REF][START_REF] Yadollahi | Additive manufacturing of fatigue resistant materials: challenges and opportunities[END_REF][START_REF] Frazier | Metal additive manufacturing: a review[END_REF]. Among the possible reasons, the control of properties of manufactured products is made difficult since it depends on many complex interactions between the input powders, the process and microstructural parameters, the metallurgical defects and the mechanical properties [7, 8, 15, [17], [START_REF] Simonelli | Effect of the build orientation on the mechanical properties and fracture modes of SLM Ti-6Al-4V[END_REF], [START_REF] Gong | Influence of defects on mechanical properties of Ti-6Al-4V components produced by selective laser melting and electron beam melting[END_REF], [START_REF] Prabhu | Effect of microstructure and defects on fatigue behaviour of directed energy deposited Ti-6Al-4V[END_REF], [START_REF] Tiferet | Structural investigation of selective laser melting and electron beam melting of Ti-6Al-4V using neutron diffraction[END_REF], [START_REF] Zhao | Comparison of the microstructures and mechanical properties of Ti-6Al-4V fabricated by selective laser melting and electron beam melting[END_REF], [START_REF] Vilaro | As-fabricated and heat-treated microstructures of the Ti-6Al-4V alloy processed by selective laser melting[END_REF]]. In that context and although SLM of Ti-6Al-4V has made significant advances in the process optimization, built materials are often subject to inner defects or local irregularities which influence their properties. Their role upon mechanical properties was clearly suspected. In attendance of porosity, the ultimate tensile strength, elongation, Young's modulus and fatigue performance were shown to be deteriorated [19, [24], [START_REF] Wycisk | Procedia undefined. Effects of defects in laser additive manufactured Ti-6Al-4V on fatigue properties[END_REF], [START_REF] Wycisk | Fatigue performance of laser additive manufactured Ti-6Al-4V in very high cycle fatigue regime up to 109 cycles[END_REF]]. The anisotropy of tensile properties can also be attributed to the orientation of defects with respect to the loading direction [START_REF] Vilaro | As-fabricated and heat-treated microstructures of the Ti-6Al-4V alloy processed by selective laser melting[END_REF][START_REF] Qiu | Selective laser melting of Invar 36: Microstructure and properties[END_REF]. If defects are perpendicular to the loading direction, they are expected to open up at relatively low stress levels. Otherwise, if they are parallel to the tensile loading axis, their opening becomes more difficult. Furthermore, although the presence of porosity was shown to influence both fracture and fatigue properties, the mechanisms of crack initiation and propagation remain unclear [START_REF] Gong | Influence of defects on mechanical properties of Ti-6Al-4V components produced by selective laser melting and electron beam melting[END_REF][START_REF] Leuders | On the mechanical behaviour of titanium alloy TiAl6V4 manufactured by selective laser melting: fatigue resistance and crack growth performance[END_REF]. It was observed that cracks initiate from voids in the subsurface and propagate radially outwards [START_REF] Gong | Influence of defects on mechanical properties of Ti-6Al-4V components produced by selective laser melting and electron beam melting[END_REF][START_REF] Rafi | A comparison of the tensile, fatigue, and fracture behavior of Ti-6Al-4V and 15-5 PH stainless steel parts made by selective laser melting[END_REF]. Melt pool boundaries were evidenced as potential sites for crack propagation [START_REF] Kudzal | Effect of scan pattern on the microstructure and mechanical properties of Powder Bed Fusion additive manufactured 17-4 stainless steel[END_REF], while no influence where evidenced by Konecnà et al. [START_REF] Konecná | Fatigue crack growth behavior of Inconel 718 produced by selective laser melting[END_REF].

Regarding the mechanisms of porosity formation, several sources of porosities were identified i.e. (1) unmelted or partially melted powder particles (2) lack of fusion [START_REF] Wysocki | Microstructure and mechanical properties investigation of CP titanium processed by selective laser melting (SLM)[END_REF] delamination between adjacent passes or previous deposited layers (4) entrapment of gases during manufacturing [2, [START_REF] Kasperovich | Corrigendum to "Correlation between porosity and processing parameters in TiAl6V4 produced by selective laser melting[END_REF], [START_REF] Seifi | Overview of materials qualification needs for metal additive manufacturing[END_REF], [START_REF] Gong | Analysis of defect generation in Ti-6Al-4V parts made using powder bed fusion additive manufacturing processes[END_REF], [START_REF] Gu | Laser additive manufacturing of metallic components: materials, processes and mechanisms[END_REF], [START_REF] Gong | Defect morphology in Ti-6Al-4V parts fabricated by selective laser melting and electron beam melting[END_REF]]. Porosity is usually correlated to the process parameter "energy density" Ev, defined by the ratio of laser power (P) to scanning velocity (v), hatch spacing (h) and layer thickness (l) [START_REF] Thijs | A study of the microstructural evolution during selective laser melting of Ti-6Al-4V[END_REF][START_REF] Simonelli | Microstructure of Ti-6Al-4V produced by selective laser melting[END_REF][START_REF] Kudzal | Effect of scan pattern on the microstructure and mechanical properties of Powder Bed Fusion additive manufactured 17-4 stainless steel[END_REF][START_REF] Kasperovich | Corrigendum to "Correlation between porosity and processing parameters in TiAl6V4 produced by selective laser melting[END_REF][START_REF] Gong | Analysis of defect generation in Ti-6Al-4V parts made using powder bed fusion additive manufacturing processes[END_REF]:

While imperfect, the use of volume energy is certainly the most established approach to control the process/porosity relationship. An increase of porosity due to keyholing is expected at high energy density (high laser power and low scan rate), while an increase of porosity due to incomplete melting or "lack of fusion" is expected at lower energy density (low laser power and high speed) and a minimum of porosity is expected at intermediate energy density. A classification for the SLM process window was thus proposed. Depending on the laser power and scan rate, different zones were identified corresponding to fully dense material, incomplete melting, over-melting and overheating [START_REF] Gong | Influence of defects on mechanical properties of Ti-6Al-4V components produced by selective laser melting and electron beam melting[END_REF][START_REF] Gong | Analysis of defect generation in Ti-6Al-4V parts made using powder bed fusion additive manufacturing processes[END_REF][START_REF] Gong | Defect morphology in Ti-6Al-4V parts fabricated by selective laser melting and electron beam melting[END_REF].

The development of new advanced techniques opens up new opportunities to obtain 3D quantitative data with the objective to improve our understanding about the dynamic of porosity formation and to identify critical defects [START_REF] Kasperovich | Corrigendum to "Correlation between porosity and processing parameters in TiAl6V4 produced by selective laser melting[END_REF]. For instance, very recently, the analysis of voids performed by using synchrotron X-ray tomography suggests that 3D topology and morphology are indicators of their formation. Indeed, near spherical defects were associated to an excessive energy density while the elongated voids oriented preferably perpendicularly to the building direction were associated to a lack of fusion [START_REF] Kasperovich | Corrigendum to "Correlation between porosity and processing parameters in TiAl6V4 produced by selective laser melting[END_REF][START_REF] Gong | Defect morphology in Ti-6Al-4V parts fabricated by selective laser melting and electron beam melting[END_REF]. However, it is believed that the topological and morphological criteria do not in themselves constitute a formal evidence of the porosity formation mechanism. The 3D spatial distribution with respect to the real laser path is also expected to be an indicator. However, this information is very difficult to obtain because it would require collecting data from the laser path and the porosity formation in real time and in-situ. In this paper, an original approach based on 2D fracture surface and 3D X-ray tomography analysis is proposed. Its application in SLM of Ti-6Al-4V provides substantive clarifications regarding both the 3D location of porosities with respect to the laser spot path and the mechanism of porosity formation. Also, the 3D view of the fracture surface of the broken tensile sample coupled with the 3D distribution of porosities gives additional information regarding the potential sites for crack initiation and propagation.

Materials, tools and method

2.1. Ti-6Al-4V input powder Titanium Ti-6Al-4V (Ti -6 wt% Al -4 wt% V) powder feedstock from Tekna and produced by plasma atomization was used in this study. In Fig. 1a the micrograph obtained by scanning electron microscopy on the TESCAN VEGA 2 equipment shows that the Ti-6Al-4V powders have a spherical shape. Particle size Parts with a dimension of 90 × 6 × 23 mm were manufactured by SLM using the 3D Systems ProX DMP 100 equipment (Fig. 2a). No heating of the base plate was done. The x, y and z axes represent the powder loading direction, the axis of the roller and the layer stacking direction respectively (Fig. 2b). All parts were built in a protective Argon atmosphere and the main process parameters are summarized in Table 2. They were directly taken from the data base of the company who manufactured these parts. The complete analysis of this data base showed that different process parameters (laser power P, laser scanning speed v) leading to the same energy density of about 50 J/mm 3 can be used. It was shown that the volume fraction and the number of voids per volume depend on P and v while E is constant. For the same value of E = 50 J/mm 3 , three possible scenarios can be distinguished depending on the value of P and v: very few defects, limited number of defects and significant amount of defects. The parts with limited number of defects were chosen in order to enhance our conclusions since it is a very tedious process to make general statements when the porosity is low or very important. However, all the conclusions we will draw remain still valid when porosity is low or important.

The scanning strategy, given in Fig. 2b, consists of straight lines with a 90° rotation between each layer. It is worth noting that no thermal treatment was done subsequent to the as-build part manufacturing.

Tensile test

In order to characterize the tensile behavior of the manufactured parts, two flat tensile specimens with a thickness of 2 mm were sampled by an electrical discharge machining process after removing the rough surface. The dimensions of the tensile specimens and their sampling locations are presented in Fig. 3. Tensile tests were performed with an Instron 3369 Dual column testing systems along the x-direction, with a displacement speed 0.1 mm•s -1 .

Microstructural characterization 2.4.1. Observation and analysis of phases

Microstructural characterizations were conducted by using both SEM and TEM. The SEM microstructural observations of the as-built Ti-6Al-4V samples were performed on a JEOL -JSM 6360 scanning electron microscope. The sample was first mirror mechanically polished and then a final polishing step with a solution consisting of 50% OPS + 47% H2O + 3% H2O2 is realized.

It was finally etched for 2 min with a mixture containing 9% KOH + 5% H2O2 + 86% H2O. For clarity, a schematic representation of specimens sampled from the same manufactured part is showed in Fig. 4. The analysis of the nature of the phases formed was performed by SEM and TEM on the (YZ) plane cross section of an as-built sample named "MP-YZ" sample and represented in Fig. 4.

2D porosity analysis

In this paper, the terms porosity, pore and void will be used to designate the same object i.e. the defects generated during SLM manufacturing.

The MP-XY and FS-XY samples were considered (Fig. 4) for the 2D porosity analysis on the (XY) plane mechanically polished surface and the (XY) fracture surface. Porosities can be recognized by dark areas pointed by arrows on the SEM image given in Fig. 5. The measurements of surface void fraction were performed using classic image treatment with the image J software. The total surface area analyzed is 47 mm 2 . Only the bottom part of the broken specimen is studied as it allows to correctly observe the laser tracks contained on the fracture surface, non-existent on the top part. Besides, because of the polishing steps, the observation of laser tracks contained in pores belonging to the cross-section is made difficult. Laser tracks correspond to a matter discontinuity, and therefore are assimilated to voids. Considering these remarks, voids were one by one identified and selected from SEM micrographs of FS-XY sample's fracture surface with the "ROIManager" ImageJ Software's tool as represented Fig. 6a by the red area. Void surface area was then calculated using the ImageJ Software from a total (XY) plane surface area of 42 mm 2 .

As the laser tracks is a marker of the laser path, by direct observations of laser tracks within each void and knowing the characteristic lengths of the scanning strategy, it is possible to deduce the laser path and direction as represented in Fig. 6a by blue dotted lines and green arrows i.e. the scanning strategy. The overlay zones are defined as the overlap regions between two successive laser paths and can be represented by the green volume in Fig. 6b. The axis of symmetry of the overlay zones are represented by the black lines in Fig. 6a andb. Fig. 7 shows the SEM micrograph of the last deposited layer (LDL sample) of an as-built SLM part. One melt pool track has a width measured up to 120 μm. The distance between two laser paths is 70 μm, so the width of the overlay zone represented by the green area is estimated to be around 50 μm. The axis of symmetry of the overlay zone is represented by the black line. In the results part, only the axis of symmetry of the overlay zone will be represented.

As represented in Fig. 8, two types of layers can be distinguished. First, the N-1 layer, defined as the layer delimited by the laser track observable at the bottom of the considered void. It corresponds to the layer anterior to its formation. Second, the N layer, defined as the layer following the N-1 deposited layer in which the considered void starts to be formed. As a consequence, a void can be located in four different locations labeled by the numbered black crosses in Fig. 9: (1) in the N-1 projected overlay zone, (2) in the N overlay zone, (3) both in the N and N-1 projected overlay zone and (4) outside of an overlay zone.

In order to determine the location of a void, the N-1 direction has to be first determined. It corresponds to the laser path direction in the N-1 layer, i.e. the direction of the visible laser track. The N direction is then found from the perpendicular to the N-1 direction. Based on this and from both the reconstructed scanning strategy (Fig. 6a) and the width measurement of the overlay zone (Fig. 7), it is then possible to determine each void location with respect to the laser path and to conclude to the presence of voids either in the overlay zones or in the laser path zone. Fig. 10 gives an example of the four types of void location. The frequency and number of voids were then statistically analyzed as a function of both their location and morphology. 

3D void and fracture surfaces analysis

A Phoenix Nanotom X-ray micro-computed tomography (μCT) equipment was used to characterize the void morphology and distribution in both the as-built samples and broken samples after tensile test performed along the x-direction. Specimens with 10 mm × 2 mm × 2 mm dimensions were extracted from a tensile sample before and after tensile test. They are represented in Fig. 4 and will be called YZ0 and FS-YZ respectively in the following.

The μCT equipment was composed of an X-ray tube operating up to 180 kV/15 W and an X-ray scintillator screen which was coupled to a high-resolution Hamamatsu CCD-sensor (2300 pixels × 2300 pixels). The μCT procedure was based on the acquisition of a series of X-ray radiographs of a sample that rotated step by step around a vertical axis perpendicular to the incident beam. Images were recorded over a period of 6 s: 6 times for each one (6 × 750 ms) and 2 times (2 × 750 ms) with the detector turn off to obtain an average one, with a step of 0.25° for each radiography. 1440 images were recorded for a total time of scan of 144 min. An energy of 80 keV, 80 μA was used with a microfocus beam of 2 μm. For 3D-imaging reconstruction, a mathematical algorithm (cone-beam algorithm of Feldkamp) was used to reconstruct the distribution of absorption coefficients within the sample volume using datos/x reconstruction software, and then the internal 3D volume structure of the samples. The final resolution of the 3D-images was voxels of dimensions 2 × 2 × 2 μm 3 .

The 3D representation of the fracture surface was obtained by importing the ".raw" file in the 3D software (VGStudio Max 2.2 and AVIZO 8.0) whereas some additional steps were necessary to represent voids in the material. In order to distinguish voids from the Ti-6Al-4 V material with accuracy, some filters were applied (adaptive gauss and opacity mapping filters) on each (XY) oriented slices with the ImageJ software. Firstly, slices were rescaled, then the "normalize local contrast" Integral image filter and the mean filter were applied. Finally, the slices were threshold to keep only voids. However, it is very difficult to reconstruct voids in the immediate vicinity of the fracture surface as a result of numerous artefacts, the rough aspect of the given zone including also the presence of cracks. In order to study the path of cracks with respect to the void distribution, a dual-representation composed of the fracture surface at the top part and the void representation at the bottom part was used. The two parts were properly superimposed by matching some common slices as explained in Fig. 11.

The morphological quantification of voids was performed on the ImageJ software with the "3D Object counter" module, whereas the slices were imported into the AVIZO 8.0 software for the 3D representation of voids. The equivalent diameter was calculated by the classical following formula:

where V is the volume of the 3D particle. The shape factor parameter was defined by: where dmax and dmin are respectively the largest and the smallest length of the 3D particle.

Finally, the 3D graphic representation of the scanning pattern was modelized using the Dassault systems -CATIA V5 CAO Software.

Results and discussion

3.1. Microstructure of as built Ti-6Al-4V parts and μCT analysis SLM can be seen as a very rapid solidification process. Indeed, the cooling rate in the melt pool of Ti-6Al-4V is one of the main parameters controlling subsequent phase transformation to room temperature. It was estimated to be 10 5 °C/s [START_REF] Gorsse | Additive manufacturing of metals: a brief review of the characteristic microstructures and properties of steels, Ti-6Al-4V and high-entropy alloys[END_REF]. During cooling, Ti-6Al-4V solidifies first as a bcc β-Ti. The corresponding macrostructure of solidification, composed of both columnar and equiaxed grains (Fig. 12), was observed for relatively high values of both solidification rate velocity and thermal gradient [START_REF] Gorsse | Additive manufacturing of metals: a brief review of the characteristic microstructures and properties of steels, Ti-6Al-4V and high-entropy alloys[END_REF]. The presence of numerous needles of different size was highlighted in the microstructure at a finer scale and is typical of the displacive transformation of β-Τi to hcp-α′ martensite upon cooling. The high cooling rate reached in SLM is much higher than the critical cooling rate of about 410 °C/s required for the martensite formation [START_REF] Zhao | Real-time monitoring of laser powder bed fusion process using high-speed X-ray imaging and diffraction[END_REF]. The combined analysis using high resolution TEM and Fast Fourier Transform (FFT) confirms the presence of martensite having an hexagonal crystalline structure with lattice parameters a = 0.252 nm, b = 0.222 nm and c = 0.467 nm.

The 3D μCT view of voids in the as-built sample is given in Fig. 13a. Voids are represented in green. The x, y and z-dimensions of the represented volume are respectively 1.812 mm, 2.130 mm and 1.864 mm. The volume fraction and the density of voids are found at 0.48 vol% and 1866 particle•mm -3 respectively. In this representation, no specific arrangement of voids can be seen. Fig. 13b gives the void size distribution in the as built material. The equivalent diameter of voids varies between 4 μm and 40 μm. The median void size was 11 μm. The smallest observable size of voids is limited by the μCT spatial resolution of 2 μm. It is considered that a void can't be observed if its size doesn't excess twice the spatial resolution, i.e. 4 µm. The shape factor distribution of voids, Fig. 13c, shows that the majority of voids are elongated (shape factor superior to 1 and inferior to 2.2) while 17% of voids have a near spherical morphology. This is a key point that will be discussed further since the mechanism of void formation is generally related to their morphology [START_REF] Kasperovich | Corrigendum to "Correlation between porosity and processing parameters in TiAl6V4 produced by selective laser melting[END_REF][START_REF] Gong | Analysis of defect generation in Ti-6Al-4V parts made using powder bed fusion additive manufacturing processes[END_REF].

Relationship between spatial distribution of voids and scanning strategy

The scanning pattern was 3D graphically modelized as shown in Fig. 14a. Green and yellow bands represent either the path of the laser spot center, either the overlay zones between two laser paths. Green bands with an angle of 45° with respect to the x-axis represent the odd deposited powder layers while the yellow bands with an angle of -45° represent the even layers. Fig. 14b shows the (XY) plane view of Fig. 14a. The scanning strategy of odd and even layers are superposed and forms a grid pattern. Fig. 14c is the (XY) planar projection of the 3D μCT of voids represented Fig. 13a, and Fig. 14d its enlargement delimited by the dotted lines of Fig. 14c. In Fig. 14c, void distribution describes the same pattern than the scanning strategy observed in Fig. 14b. In Fig. 14d, the pattern characteristic distances and angles are exactly the same than those of the scanning strategy. As a consequence, the void distribution is closely linked to the scanning strategy.

The 3D representation of the scanning tracks or overlay zone, along the (YZ) plane and rotated of 45° with respect to the z-axis give additional information (Fig. 15). Indeed, bands in Fig. 15a completely fulfill the projected surface on the (YZ) plane, thus voids can be located everywhere on their projected surface which explains that no specific arrangement of voids can be found on Fig. 15c. Similarly, Fig. 15b and Fig. 15d are the (YZ) planar projection of the 3D model and the μCT model respectively, with a rotation of 45° along the z-axis. For more clarity, the orange arrow in Fig. 14b shows the perpendicular direction of the plane of Fig. 15b and Fig. 15d. In Fig. 15b, green bands have an orthogonal orientation while the yellow bands have an orientation parallel with respect to the projection plane. Thus, the projected length of the green bands is larger than the yellow bands, increasing the probability of the projected green areas to contain voids. Similarly, because of the geometry of the 3D model, higher is the lateral distance from the central dotted line, higher the projected length of the yellow and green bands decreases, and thus the probability of projected band area to contain voids will decrease. These remarks explain the vertical line pattern observed in Fig. 15d, where the concentration of projected voids decreases when the lateral distance from the center of the projection increases. As a consequence, a strong correlation between the scanning strategy and the void distribution is observed. In the knowledge of the authors, no such correspondence was pointed out in the literature between scanning strategy and 3D void distribution even if the scanning strategy was shown to influence both the morphology of grains and the density of voids [START_REF] Thijs | A study of the microstructural evolution during selective laser melting of Ti-6Al-4V[END_REF][START_REF] Kudzal | Effect of scan pattern on the microstructure and mechanical properties of Powder Bed Fusion additive manufactured 17-4 stainless steel[END_REF][START_REF] Carter | The influence of the laser scan strategy on grain structure and cracking behaviour in SLM powder-bed fabricated nickel superalloy[END_REF].

Void location with respect to the laser path

Fig. 16a shows the fracture surface of the FS-XY sample where black lines and red areas represent the overlay zones and porosity respectively. Fig. 16b-d are the magnification of the white rectangular zones numbered 1 to 3. The porosities are bordered in red and the blue arrows show the laser path direction and localization deduced from the laser tracks within each void. The axis of symmetry of the overlay zones represented by the black lines and obtained from the laser path, allow assessing the position of voids with respect to the laser path. It is important to note that (i) the pattern defined by the axis of symmetry of the overlay zones (Fig. 16a) is consistent with that one of the scanning strategy, (ii) the voids are mainly localized on the overlay zones (Fig. 16a), (iii) the fracture surfaces show a mix of ductile and brittle failure mode as already observed by some authors [START_REF] Gong | Influence of defects on mechanical properties of Ti-6Al-4V components produced by selective laser melting and electron beam melting[END_REF][START_REF] Rafi | A comparison of the tensile, fatigue, and fracture behavior of Ti-6Al-4V and 15-5 PH stainless steel parts made by selective laser melting[END_REF][START_REF] Krakhmalev | Deformation behavior and microstructure of Ti6Al4V manufactured by SLM[END_REF][START_REF] Yang | Effect of crystallographic orientation on mechanical anisotropy of selective laser melted Ti-6Al-4V alloy[END_REF].

The morphology and orientation of 719 voids were analyzed as a function of their location in several areas of the FS-XY specimen fracture surface. Voids were firstly classified in 6 morphological groups. Fig. 17a-f and Fig. 17g-l show the 2D and 3D void morphological aspect of each group obtained from fracture surfaces of the FS-XY sample and the μCT results obtained from the YZ0 sample respectively. All oriented morphologies are systematically oriented along either the N-1 layer or the N layer laser path direction showing the significant influence of the scanning strategy on void orientation. The "I" type is defined as a stick like and very oriented morphology (Fig. 17a, g) while the "O" type is a "near-spherical" or "square" like and not very oriented morphology (Fig. 17b,h). The "B" type (Fig. 17c,i) morphology is bottle like oriented morphology.

The "L" type is an oriented morphology along a principal direction but with some short arms along a secondary direction (Fig. 17d,j). The "H" type is a morphology where no pronounced orientation can be attributed and which is compound of oriented and generally thin arms along both the N-1 and the N layer laser path direction (Fig. 17e,k). Finally, the "P" type is a massive and not very oriented morphology (Fig. 17f,l).

Among the 719 statistically counted voids, the "O" and "I" type are the two dominant morphologies, representing 44.0% and 29.0% of voids respectively while the "P" and "H" type morphologies are considerably less represented (3.0% and 7.0% respectively). Regarding the "O" type morphology, the value of 44% is a slightly higher than the volume fraction of voids obtained by μCT and having a spherical morphology (see Section 3.3). This can be explained by two main reasons. First, one corresponds to a bidimensional measurement on a fracture surface while the other one corresponds to a three-dimensional measurement on a smallest volume. Second, the criterion of sphericity used to define the morphology is more restrictive in the case of μCT measurements. The distribution of voids as a function of the location of their geometric center was also considered. The "P" and "H" type morphologies were not taken into consideration due to their complex shapes that make difficult to interpret their location. However, on 643 remaining voids, 75.9% are located on the intersection between the N-1 projected and the N overlay zones, 20.1% are located in the N overlay zones, 3.7% are located on the projected N-1 overlay zones and 0.3% are outside of an overlay zone.

It is worth noting that a void located on a N overlay zone can be attributed to a lack of energy to melt the powder layer, induced by the lower energy at the periphery of the laser spot, while a void located in an N-1 projected overlay zone can be linked to a too thick stack of powder to be completely melt (see Fig. 18). However, most of voids are shown to be located on both the N-1 projected and N overlay zones, but more voids are located only on the N overlay zones compared to the N-1 overlay zones. As a consequence, the main mechanism of void generation can be reasonably attributed to the insufficient energy provided at the laser spot periphery. In that case, the too high thickness of powder can be considered more as an aggravating factor. These mechanisms are similar to those mentioned for the EBM process by Gong et al. [START_REF] Gong | Analysis of defect generation in Ti-6Al-4V parts made using powder bed fusion additive manufacturing processes[END_REF].

These two mechanisms are relative to the same group of mechanisms i.e. a lack of energy provided to the powder material, resulting to a lack of fusion of the powder. However, different morphologies of voids were observed, passing through the near spherical voids to complex or massive morphologies. Contrary to what Gong et al. suggested [START_REF] Gong | Analysis of defect generation in Ti-6Al-4V parts made using powder bed fusion additive manufacturing processes[END_REF], one type of void morphology is not necessarily limited to one mechanism of void formation, and several kinds of void morphologies can be attributed to a same mechanism.

The results of the statistical study also show that the morphology of voids depends on the location of their geometric center. Indeed, when a void is localized on a N-1 projected overlay zone or on a N overlay zone, the "I" stick like type is the most dominant morphology. However, when a void is located on the intersection of the N-1 projected and the N overlay zone, the most dominant morphology is the "O" unoriented type one. These results show that when only one mechanism of void formation is contributing, the very oriented "I" type morphology is preferentially formed whereas the coupling of the two-mentioned mechanisms will preferentially form unoriented "O" type morphology. Void formation mechanisms and their coupling have thus a significant influence on the selection of void morphology. From a general manner, oriented voids are almost systematically oriented along one of the laser path direction. Voids located on N-1 projected overlay zones are predominantly oriented along the N-1 layer laser path direction. Similarly, voids located on N overlay zones are for the most part oriented along the N layer laser path direction. But voids located on the intersection between the N-1 projected and N overlay zones are predominantly unoriented and exclusively correspond to the "O" type morphology. Among oriented voids, the N laser path direction is the predominant orientation, showing once again the more significant contribution of the first mechanism mentioned in Fig. 18.

Effect of void distribution on tensile properties and fracture behaviour

Six as-built Ti-6Al-4V SLMed samples were tensile tested along the x-axis. The corresponding stress-strain curves are presented Fig. 19. Ultimate tensile stress (UTS) and ultimate elongation are very disparate and vary from 740 MPa to 1220 MPa and from 0.63% to 1.85% respectively. These elongations values are far lower than those observed by Simonelli et al. [START_REF] Simonelli | Effect of the build orientation on the mechanical properties and fracture modes of SLM Ti-6Al-4V[END_REF] for near fully dense SLMed Ti-6Al-4V parts, showing the presence of an early breaking phenomenon probably due to the presence of high fraction and density of porosities having a substantial size [START_REF] Moletsane | Tensile properties and microstructure of direct metal laser-sintered Ti6Al4V (Eli) alloy[END_REF]. In that case, the growth and coarsening of preexisting defects would be the fracture mechanism. The presence of the oriented "I" type morphology formed by a lack of energy could be more detrimental for mechanical properties than those having a spherical morphology [44]. There are several possible reasons for this. Firstly, the local curvature of voids influences the stress concentration factor and then both initiation and propagation of fracture. All being the same, the impact is expected to be mechanical properties in selective laser melting of Ti-6Al-4V parts. Materials & Design, 2018, 156, pp.480-493. 〈10.1016/j.matdes.2018.06.049〉. 〈hal-01874197〉

greater when voids are elongated. Second, the orientation of voids with respect to the loading direction may play an important role. A stress applied along the transversal direction of voids opens up pores whereas a stress applied along the longitudinal direction of pores tends to close and elongate the void until the stress applied exceeds the limit of stress resistance [START_REF] Vilaro | As-fabricated and heat-treated microstructures of the Ti-6Al-4V alloy processed by selective laser melting[END_REF]. As a partial conclusion, both the morphology and orientation of voids that depend, in turn, on the mechanism of formation of porosities can be suspected to have an influence on resulting properties. This would explain the anisotropy sometimes encountered by some authors between vertically and horizontally SLM manufactured parts [START_REF] Zhao | Comparison of the microstructures and mechanical properties of Ti-6Al-4V fabricated by selective laser melting and electron beam melting[END_REF][START_REF] Rafi | A comparison of the tensile, fatigue, and fracture behavior of Ti-6Al-4V and 15-5 PH stainless steel parts made by selective laser melting[END_REF]. It is interesting to note that both void morphology and their orientation are straightly correlated to the scanning strategy. It can thus be suspected an influence of the scanning strategy on the anisotropy of mechanical properties and the fracture behaviour as already observed Kudzal et al. for steel alloys [START_REF] Kudzal | Effect of scan pattern on the microstructure and mechanical properties of Powder Bed Fusion additive manufactured 17-4 stainless steel[END_REF].

Fig. 20a shows the whole μCT view of the FS-XY tensile tested sample after failure. The corresponding stressstrain curve is given by the curve number 6 in Fig. 19. Fig. 20b corresponds to the dual-view of the sample, with the fracture surface at the top part and the void distribution at the bottom part. The black lines show two directions of void alignment (direction 1 and direction 2). The blue dotted arrow points toward a canyon like-shape, oriented along direction 1 on the fracture surface. Fig. 20c and Fig. 20d are the (XY) plane view of two slices of the fracture surface and the projection of voids. The black lines show the two corresponding directions of the void alignment in the (XY) plane. The blue dotted lines show the propagation path of several cracks. The crack path broadly follows the alignment direction of voids. However, as inter-lamellar fracture has been reported, the contribution of pores in fracture mechanism is questionable. One can indeed raise the question of the influence of needles (or laths) boundaries on the cracks propagation. Upon cooling, β phase transforms to α′-martensite for high cooling rate (above 410 °C/s). The newly formed hexagonal phase has a clear crystallographic relationship with parent β phase that dictates the α′ preferential growth orientation and martensitic needles (or laths) are generally observed to be inclined of about 40° with respect to the build direction. [START_REF] Rafi | A comparison of the tensile, fatigue, and fracture behavior of Ti-6Al-4V and 15-5 PH stainless steel parts made by selective laser melting[END_REF][START_REF] Vrancken | Heat treatment of Ti6Al4V produced by selective laser melting: microstructure and mechanical properties[END_REF]. However, it can be highly suspected that crack formation is greatly affected by void distribution and therefore by the scanning strategy for three reasons at least. First, most of cracks observed perfectly follow the alignment of pores (see Fig. 20. B). Second, cracks propagate in orthogonal directions (at 90°) or in parallel directions (at 180 °) to the (XY) plane (see Fig. 20. b). We did not observe any direction of propagation at 40°-45°or in multiple direction as it would be imposed by the different variants of martensite needles. Finally, the total surface area occupied by voids in the fracture surfaces of the FS-XY sample was measured to be 17 times higher than the one measured in the MP-XY sample (8% vs 0.48%). In other words, it can be deduced that cracks preferentially go through the void network. Furthermore, as voids were shown to be mainly located on the overlay zones, it can be suspected that crack path is confined on the overlay zones. Similarly to this study, Kudzal et al. [START_REF] Kudzal | Effect of scan pattern on the microstructure and mechanical properties of Powder Bed Fusion additive manufactured 17-4 stainless steel[END_REF] found for steel SLMed parts, some cracks propagated along the melt pool boundaries. It is however difficult to conclude about the role of voids on the mechanisms of both initiation and propagation. Either way, the influence of voids on mechanical properties was confirmed for a volume fraction as low as 0.48 vol%. The process parameters can be modified in order to reduce or prevent any formation of defects. It is well known that increasing laser power and decreasing laser scanning speed lead to increase both the width and the depth of the melt pool. In that case, the overlapping is promoted and the formation of defects encountered in this study is restrained as observed by Tang et al. [START_REF] Tang | Prediction of lack-of-fusion porosity for powder bed fusion[END_REF]. The same effect can be anticipated if the hatch spacing is reduced and the layer thickness is thinner [START_REF] Gong | Analysis of defect generation in Ti-6Al-4V parts made using powder bed fusion additive manufacturing processes[END_REF][START_REF] Qiu | On the role of melt flow into the surface structure and porosity development during selective laser melting[END_REF]. The effect of spot size is not linear. An increase of spot size enhances the overlapping and, consequently, the formation of voids by lack of fusion would be reduced. An opposite effect can be expected above a certain size since the melt pool would not be enough deep to make a continuity with the previous layer according to results of Kasperovich et al. [START_REF] Kasperovich | Corrigendum to "Correlation between porosity and processing parameters in TiAl6V4 produced by selective laser melting[END_REF]. 

Conclusions

An original approach based on 2D fracture surfaces and 3D X-ray tomography analysis was applied in selective laser melting of Ti-6Al-4V. It provides clarifications regarding both the mechanisms of porosity formation and its influence on mechanical properties. The main conclusions can be summarized as follow:

(1) 3D spatial distribution, morphology and orientation of voids are straightly linked to the scanning strategy pattern.

(2) Voids are mainly localized on the overlay zones and the results obtained support the lack of energy as the main mechanism of void formation.

(3) Both the morphology and the orientation of voids depend on their 3D location.

(4) The un-oriented "O" type is the dominant void morphology, followed by the oriented "I" type morphology. These results show that un-oriented void morphology can be also formed by a lack of energy also.

( (a, g) correspond to the "I" oriented type morphology, (b, h) to the "O" un-oriented type morphology, (c, i) to the "B" bottle type morphology, (d, j) to the "L" type morphology with a principal marked orientation and short arms along the perpendicular direction, (e, k) to the "H" type morphology passing through both N-1 and N directions and (f, i) to the "P" massive type morphology. 

Fig. 1 .

 1 Fig. 1. Ti-6Al-4V input powder. a) SEM image and b) particle size distribution measured by laser diffraction.

Fig. 3 .Fig. 4 .

 34 Fig. 3. Schematic representation of the sampling locations and dimensions of the tensile specimens. The tensile specimens were prepared by electrical discharge machining process after removing the rough surface along the (XZ) plane.

Fig. 6 .Fig. 7 .Fig. 8 .Fig. 9 .

 6789 Fig. 6. a) SEM image of the FS-XY sample fracture surface showing two identified and selected voids, their laser track and direction, the deducted laser path and overlay zones. b) schematic representation of the melt-pool showing the laser path and the overlay zone.

Fig. 11 .

 11 Fig. 11. Methodology to obtain the dual representation composed of the 3D view of the fracture surface of the broken tensile sample and the 3D distribution of voids. The two parts were properly superimposed by matching some common slides.

Fig. 12 .Fig. 17 .

 1217 Fig. 12. Microstructure of the SLMed Ti-6Al-4V as built sample. a) SEM image showing the macrostructure of solidification. b) SEM image showing the α′-martensite needles resulting from the displacive β → α′ transformation upon cooling. c) TEM bright field image of a needle of α′-martensite of about 300 nm of width. d) High resolution TEM image of the given α′-martensite needle. e) Fast Fourier Transform (FFT) along the zone axis [010]α′which confirms the presence of a hexagonal crystalline structure with lattice parameters a = 0.252 nm, b = 0.222 nm and c = 0.467 nm.

Fig. 18 .

 18 Fig. 18. Schematic representation of the melt-pool showing the two mechanisms of void formation and their coupling. Δl is the difference of layer thickness due to the laser track topology. The first mechanism ① is the lack of energy provided by the laser at its periphery and the second ② is the too high thickness of powder to be melt. Dark grey color represents the previously solidified layer (N-1 layer) containing laser tracks. Red color represents the melted pools after solidification of the new layer (N layer).
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