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 for modelling small fatigue crack growth. Finally, a simulation of the generalized Kitagawa-Takahashi is presented and good agreement with the experimental data is shown.

Introduction

During recent years, additive manufacturing (AM) technologies have continued to grow steadily due to industrial and academic developments. One of the main advantages of this technology is the capacity to fabricate complex geometries directly from a computer-aided design. Among several metal AM processes, Selective Laser Melting (SLM) is one of the most commonly used. In this process, rather than single points, a line-shaped scanning pattern is used to melt powder within a powder-bed layer thanks to the energy of the laser source. Upon completion of a single layer, a new powder-layer is deposited and subsequent melting is pursued to continue the manufacturing process to build the 3D geometry.

The TA6V (Ti6Al4V) titanium alloy is one of the most common alloys manufactured by the SLM process and has applications in many industries, in particular the aeronautic and the medical domains. The mechanical properties of TA6V alloy obtained by this process have been intensively studied in the literature [START_REF] Leuders | On the fatigue properties of metals manufactured by selective laser meltingthe role of ductility[END_REF][START_REF] Edwards | Fatigue performance evaluation of selective laser melted Ti-6AL-4V[END_REF][START_REF] Xu | Ti-6AL-4V additively manufactured by selective laser melting with superior mechanical properties[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]. For the monotonic tensile behaviour, it has been observed that the tensile strength of AM TA6V is equivalent or even higher than the alloys obtained by conventional processes [START_REF] Bian | Mechanical properties and microstructural features of direct laser-deposited Ti-6AL-4V[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] Facchini | Ductility of a Ti-6AL-4V alloy produced by selective laser melting of prealloyed powders[END_REF]. However, in terms of fatigue behaviour, the AM TA6V alloy shows significantly lower fatigue strength [START_REF] Leuders | Structural components manufactured by selective laser melting and investment casting impact of the process route on the damage mechanism under cyclic loading[END_REF]. This fact is due on one hand to the high roughness level of the as-built surface [START_REF] Chan | Fatigue life of titanium alloys fabricated by additive layer manufacturing techniques for dental implants[END_REF][START_REF] Wycisk | Effects of defects in laser additive manufactured Ti-6AL-4V on fatigue properties[END_REF]. On the other hand, the presence of microstructural defects, especially porosity, can also largely reduce the fatigue strength [START_REF] Günther | Fatigue life of additively manufactured Ti-6AL-4V in the very high cycle fatigue regime[END_REF][START_REF] Greitemeier | Fatigue performance of additive manufactured TiAl6v4 using electron and laser beam melting[END_REF].

The principal aim of this paper is to contribute to the understanding of the impact of porosity on the fatigue behaviour of TA6V alloy obtained by the SLM process and to compare the influence of porosity to that of the microstructure. In the literature, the effect of pore size on the fatigue strength of TA6V alloy fabricated by AM processes has been investigated by numerous researchers [START_REF] Wycisk | Effects of defects in laser additive manufactured Ti-6AL-4V on fatigue properties[END_REF][START_REF] Günther | Fatigue life of additively manufactured Ti-6AL-4V in the very high cycle fatigue regime[END_REF][START_REF] Greitemeier | Fatigue performance of additive manufactured TiAl6v4 using electron and laser beam melting[END_REF][START_REF] Fatemi | Multiaxial fatigue behavior of wrought and additive manufactured Ti-6AL-4V including surface finish effect[END_REF][START_REF] Fatemi | Torsional fatigue behavior of wrought and additive manufactured Ti-6AL-4V by powder bed fusion including surface finish effect[END_REF]. However, the results from these studies are quite scattered, principally due to the large variability in the fabrication process. AM processes require the use of many parameters that can affect the material properties, such as building direction, scan speed, laser power, scan pattern, temperatures, the initial powder properties (e.g. granulometry, new/recycled powder ratio) and also the postheat treatments (e.g. annealed, hot isostatic pressing, etc…). Consequently, the variability in the microstructure and porosity (including the porosity density, pore size and pore morphology) is very significant. Even with the same process conditions and same operator, the variability between fabricated batches can also be notable [START_REF] Romano | Fatigue properties of AlSi10mg obtained by additive manufacturing: Defect-based modelling and prediction of fatigue strength[END_REF]. One possible explanation for this variability is that pore formations are complex phenomena and not fully controlled. Even with the same process parameters, the largest pore size that governs the fatigue strength can vary significantly between batches and between specimens. For this reason, the number of specimens must be large enough in order to cover this variability and to reliably characterize the effect of porosity.

A vast experimental fatigue campaign for uniaxial loads with a load ratio of R = 0.1 has been undertaken. Seven different specimen batches have been investigated. They were obtained using different AM building directions (horizontal, vertical and diagonal). All of the specimens were machined to avoid the effect of the as-built surface. The fabricated fatigue specimen size is relatively large (with a diameter of 8 mm and a gauge length of 24 mm) in order to be representative for industrial components. In total, 77 fatigue specimens were tested and all the fatigue failure surfaces were examined by SEM. In addition, the microstructure and the porosity of the investigated alloy was observed by optical microscopy on polished samples taken from failed fatigue specimens.

In the first part of this paper, the characterization by optical microscopy of the microstructure and the porosity is presented as well as the tensile strength properties, to demonstrate the differences between the three building directions. More specifically, the microstructural anisotropy and the pore morphology anisotropy are highlighted. In the second section, the Wöhler curves are shown followed by characterization of the fatigue damage mechanisms. The size of pores at the crack initiation sites is measured and compared with the porosity characterized by the metallographic methodology. A link between the two pore size distributions is established by using the Murakami approach.

In the last section of this paper, the effect of pore on the fatigue behaviour is presented. Several analyses are shown to highlight the effect of the porosity, including the characterization of the critical pore size distribution and generalized Kitagawa-Takahashi maps linking the three variables: stress, number of cycles to failure and pore size. The influence of the pore size on the fatigue life is then modelled by using two fracture mechanics approaches: the Paris law and the Caton approach ( [START_REF] Caton | The effect of solidification rate on the growth of small fatigue cracks in a cast 319-type aluminum alloy[END_REF][START_REF] Caton | The influence of heat treatment and solidification time on the behavior of small-fatigue-cracks in a cast aluminum alloy[END_REF][START_REF] Caton | Demonstration of an endurance limit in cast 319 aluminum[END_REF]). A comparison of these two simulations is also shown. Finally, the generalized Kitagawa-Takahashi map is simulated by using the Caton approach and good correlation is obtained with the experimental data.

Specimen fabrication, metallurgical characterization and tensile strength

Specimen fabrication

The TA6V alloy used in this study is grade 23 ELI dedicated to medical and aeronautical applications. The chemical composition in weight percentage is shown in Table 1.

The TA6V powder, obtained by inert gas atomization, was supplied by AP&C with a 20-63 μm particle range. This particle distribution was confirmed by laser granulometry (Mastersizer Malvern, results: D10 = 30 μm, D50 = 43μm, D90 = 61 μm). This implies that 10% of the volume of the power particles are lower than 30μmand 10% higher than 60 μm.

The particle shape has also been observed by Scanning Electron Microscopy (SEM). Fig. 1) shows that the particles have a mostly spherical shape with no satellites and no agglomeration.

The specimens were fabricated by the Jules Verne Research and Technology Institute in France (IRT Jules Verne), using a SLM280 HL machine with a fabrication chamber volume of 278 × 278 × 325 mm 3 . The fabrication process was optimized thanks to a vast experimental campaign in which several process parameters such as laser power, scan speed, hatch distance and focus were taken into consideration. A porosity density level of approximately 0.01% (determined via optical microscopy observations on polished samples) is obtained.

The process parameter used to fabricate the specimens tested in this work were: a layer thickness of 30 μm, laser power of 175 W, beam diameter of 80 μm, a scanning velocity of V = 775 mm/s. The hatch distance (distance between two laser tracks) was 120 μm. The building platform is heated at 200 °C. The scanning strategy is a stripe pattern type of 10 mm width to be more representative of production job. The traverse (or scan) direction of the laser changes by 67 °between each layer.

The fatigue specimen geometry after machining (shown in Fig. 2) is given as per the ISO 2072:2010 standard and is the same for all batches. The specimen shape produced by SLM is the final geometry with a machining allowance of 1 mm. The SLM contour with a thickness of approximately 200 μm is therefore totally removed by the machining operation.

Table 1

Referred chemical compositions of the investigated TA6V alloy.

In total, seven fatigue specimen batches with three building directions were investigated. Note that the process parameters were the same for all of the specimen batches. The building directions are 0°(horizontal), 45°(diagonal) and 90°(vertical). The reason for fabricating several batches with the same building direction is to investigate the variability due to the process. Table 2 summarizes the fabricated fatigue specimen batches. Fig. 3 shows batches corresponding to the three building directions. It can be seen in these figures that a support structure was used for the whole specimen length for the 0 °specimens while for the 45 °and 90 °specimens, a support structure was used only for one of the specimens heads.

After fabrication, all of the specimens were post-heat treated by a typical heat treatment (annealed at 850 °C for 2 h following by slow cooling within the furnace) to relax the residual stresses. All specimens were machined after the heat treatment. The Ra roughness of the machined surface is lower than 0.8 μm. The roughness measurements were undertaken using a Bruker ContourGT-K 3D Optical profilometer and the ISO 4287 standard.

Microstructural characterization

It is well known in the literature that the microstructure of TA6V alloy, obtained by AM processes, is columnar [START_REF] Thijs | A study of the microstructural evolution during selective laser melting of Ti-6AL-4V[END_REF] with grains growing in the building direction. In the present work, all of the specimens were fabricated and post-heat treated with the same parameters and heat treatment conditions. Therefore, the microstructures of all investigated batches is expected to be the same for all specimen orientations. The microstructure was observed by using an optical microscope on polished and chemically etched samples (by using Kroll solution for 20 s). The observed samples were cut from the fatigue specimens after fatigue testing. The observations were firstly made on planes parallel to the building direction as shown in Fig. 4(a)-(c). It can be seen that the microstructure has the same columnar structure for all of the three building directions. However, it should be noted that the observations on planes perpendicular to the specimen axis are not the same and that these are planes of maximum principal stress, which are often considered as being critical planes in terms of the fatigue behaviour of defect-containing alloys (Fig. 4(a),(d) and (e)).

Porosity characterization

Porosity characterizations were conducted on 3 batches 0°-B1, 45°-B1 and 90°-B1. The analysed pores were observed on the planes perpendicular to the specimen axis, i.e. principal stress planes.

The characterization methodology proposed by Murakami [START_REF] Murakami | Effects of small defects and nonmetallic inclusions[END_REF] was used. As per this method, the size of the biggest pore observed in each standard inspection area of size S 0 is measured. The resulting distribution corresponds to the extreme value distribution related to the area S 0 . In the present work, the inspection area S 0 is equal to the area of the taken images, S 0 = 2.34 mm 2 . The area Fig. 3. Batches corresponding the the three building directions [START_REF] Le | Influence of porosity on the fatigue behaviour of additively fabricated ta6v alloys[END_REF]. and the Maximum Feret diameter of the pores is used to define the pore size. For each batch, 300 images of size S 0 were analysed. Theses images were taken from samples cut from 3 fatigue specimens in the specimen's gauge length after fatigue tests. The three specimens were intentionally chosen so that their fatigue strengths are representative of the fatigue strength of the batch.

Firstly, it was observed an high anisotropy of the geometry of the biggest pores. It can be seen that the largest pores detected by this methodology seem to be formed by the balling (or spatter) effect. This phenomenon has been widely investigated in the welding processes [START_REF] Wu | Understanding of spatter formation in fiber laser welding of 5083 aluminum alloy[END_REF][START_REF] Zhang | Observation of spatter formation mechanisms in high-power fiber laser welding of thick plate[END_REF]. In additive manufacturing, the balling effect has also been studied [START_REF] Gunenthiram | Experimental analysis of spatter generation and melt-pool behavior during the powder bed laser beam melting process[END_REF][START_REF] Koutiri | Influence of SLM process parameters on the surface finish, porosity rate and fatigue behavior of as-built inconel 625 parts[END_REF][START_REF] Darvish | Reducing lack of fusion during selective laser melting of CoCrMo alloy: Effect of laser power on geometrical features of tracks[END_REF][START_REF] Anwar | Study of the spatter distribution on the powder bed during selective laser melting[END_REF][START_REF] Khairallah | Laser powder-bed fusion additive manufacturing: Physics of complex melt flow and formation mechanisms of pores, spatter, and denudation zones[END_REF][START_REF] Kasperovich | Correlation between porosity and processing parameters in TiAl6v4 produced by selective laser melting[END_REF]. This effect can be described as small balls of molten metal created near the laser melting zone and blown by gas flow. It is shown in Fig. 5 that the size of "balling" particles can be up to 200 μm, which is much larger than the powder particle size (controlled by sieving with a maximum diameter of 100 μm). Because the laser power was optimized for the powder particles size (by considering several criteria such as porosity density, residual stresses and the distortion of as-fabricated parts), the "balling" particles cannot be totally melted and this fact results in the formation of lack-of-fusion pores.

The geometry of the "balling effect" related pores has been investigated by Kasperovich et al. [START_REF] Kasperovich | Correlation between porosity and processing parameters in TiAl6v4 produced by selective laser melting[END_REF] using micro-tomography observations. These authors showed that the pores relating to the balling phenomenon have a very spread geometry, i.e. a large area but small thickness. The plane on which pores spread out is generally perpendicular to the building direction. A same observation was also showed in the work of Romano et al. [START_REF] Romano | Qualification of {AM} parts: extreme value statistics applied to tomographic measurements[END_REF] for an AlSi10Mg alloy obtained by the SLM process.

From the microstructural and porosity characterizations, Fig. 6 shows a sketch illustrating the microstructural anisotropy and the pore morphology anisotropy for the 3 building directions. This figure is important as it illustrates the relationship between the microstructure, the build direction and the pore shape. Specifically it shows the columnar grains are elongated in the direction parallel to the building direction, and that the pores are large but spread out in planes perpendicular to the building direction. One of the aims of this work is to answer the question as to which is more important to consider in fatigue, the oriented columnar microstructure or the porosity population.

The pore size distributions for the three batches 0°-B1, 45°-B1 and 90°-B1 measured on the planes perpendicular to the specimen axis are shown in Fig. 7. The y-axis is presented by using the reduced variable, Y, defined as a function of the empirical cumulative probability, F, given as the following:

= -- Y ln lnF ( ) (1) 
The Gumbel distribution [START_REF] Gumbel | Statistical theory of extreme values and some practical applications: a series of lectures Applied mathematics series[END_REF] is used to fit the experimental data and shown in Fig. 7 as the linear regression lines of the non-zero experimental points. Greater details concerning this methodology can be found in references [START_REF] Le | Simulation of the Kitagawa-Takahashi diagram using a probabilistic approach for cast al-si alloys under different multiaxial loads[END_REF][START_REF] Le | Multiaxial high cycle fatigue damage mechanisms associated with the different microstructural heterogeneities of cast aluminium alloys[END_REF].

It can be observed that in general the pore size of the 0°-B1 specimens is smaller than that of 45°-B1 specimens, both in terms of area and the Feret diameter. The pore size of the 90°-B1 batch terms of area is slightly larger than the 0°-B1 but smaller than the 45°-B1 batch. In terms of Feret diameter, the pore size of 90°-B1 batch is the smallest. This trend is surprising because given the observed anisotropy of the large pore geometry as shown in Fig. 6, it would be expected that the pore size of the 90°batch is the largest. In Section 3.3 presented below, it will be shown that the measured pore size distributions on polished samples are in good agreement with the pore size observed at the crack initiation sites for the 0°-B1 and the 45°-B1 batches. However, for the 90°-B1 batch, the pore size measured on polished samples under-estimates the porosity of the batch.

This disagreement could be due to the small thickness of the pores. At 90°the elongated direction of the pores is parallel to the Fig. 5. Pores formed by the balling effect observed on a 0°(left) and 90°(right) specimen.

Fig. 6. Illustration of the microstrucural anisotropy and the pore morphology anisotropy of the investigated alloy [START_REF] Le | Influence of porosity on the fatigue behaviour of additively fabricated ta6v alloys[END_REF].

observation planes (see Fig. 6). The probability that an observation plane cuts a large pore is therefore small at 90°. The surface size based on 300 images with S 0 = 2.34 mm 2 is probably not enough to determine the largest defect size and correctly characterized the pore distribution of the batch.

In order to verify this hypothesis, a comparison of the pore size distribution between measurements on the perpendicular planes and measurements on the parallel planes for the 90°-B1 specimens is shown in Fig. 8. It can be seen that the pore size measured on the parallel planes is larger than the one measured on the perpendicular planes, especially in terms of Feret diameter.

Tensile behaviour

Monotonic tensile tests were conducted using an INSTRON servo-hydraulic machine on flat specimens with rectangular crosssection of 2 mm × 6 mm and gauge length of 25 mm. The strain was measured thanks to an extensometer with an initial length L 0 =25 mm and a displacement range = ± L Δ 2.5 mm. All of the tests were conducted with a constant strain rate of 0.005 min -1 at ambient temperature.

The comparison of the ultimate tensile strength, the yield strength and the fracture strain of the three building directions is shown in Fig. 9. The values of the yield strength, σ Y , and ultimate strength, σ UTS , were normalized by dividing by the mean value of the yield Fig. 7. Pore size distributions measured on polished samples of the three batches 0°-B1, 45°-B1 and 90°-B1. The observation planes are perpendicular to the specimen axis as shown in Fig. 6. 

Fatigue behaviour and damage mechanisms

All of the fatigue tests presented below were carried out at ambient temperature and pressure in laboratory air. The fatigue tests were conducted with a constant stress amplitude, a load ratio R = 0.1 and a frequency of 20 Hz. A maximum fatigue life of × 2 10 6 cycles was used. The stopping criterion was chosen to be the complete rupture of the specimen. The run-out specimens that survived × 2 10 6 cycles were re-tested at a higher load.

Wöhler curves

Fig. 10a-c shows the S-N curves for the 7 investigated batches. The values of the maximum stress, σ max , are normalized by the average value of the ultimate strength, σ UTS , for the three building directions as defined by the following equation. Note that the maximum difference in the ultimate tensile strength between the three building directions is lower than 5%.

= + + °°°σ σ σ σ σ ( ) / 3 max n max UTS UTS UTS , , 0 ,45 ,90 (2) 
The regression lines correspond to the Stromeyer theoretical model [START_REF] Kasi | The determination of fatigue limits under alternating stress conditions[END_REF] as given by Eq. (3). The three parameters A B , and σ max n 0,

were identified to best fit the experimental data (see Table 3).

= -× -

Log N A B Log σ σ ( ) ( ) max n max n , 0 , (3) 
Firstly, a large degree of variability can be seen between the batches with the same building direction, in spite of the fact that the same process parameters were used. Measurements of the fabrication conditions such as the oxygen level or the plate and chamber temperatures also showed that there was no notable difference between batches. Similar variability was also seen in the work of Romano et al. [START_REF] Romano | Fatigue properties of AlSi10mg obtained by additive manufacturing: Defect-based modelling and prediction of fatigue strength[END_REF] for the SLM process on an aluminium alloy. The scatter in the S-N curves is relatively high compared to wrought TA6V alloy [START_REF] Nalla | Influence of microstructure on high-cycle fatigue of Ti-6AL-4V: Bimodal vs. lamellar structures[END_REF], especially for the 0°-B2 and 45°B2 and B3 batches. It is interesting to note that these batches show a better fatigue strength compared with the other batch with the same building direction. In other words, it seems that the fatigue behaviour of the batch with a better fatigue resistance is more scattered than the one with lower fatigue strength. Fig. 10(d) shows the comparison of the fitted Stromeyer curves of all of the batches as well as the fatigue data bands of the TA6V alloy obtained by the wrought and cast processes documented in [START_REF] Donachie | Titanium: A technical guide[END_REF]. It can be seen in Fig. 10(d) that generally, the fatigue strength of the 90°batches is the lowest. However, no clear tendency is observed between the 0°and 45°specimens. In the literature, the results concerning the effect of the building direction of machined specimens show different trends. In the work of Wycisk et al. [START_REF] Wycisk | Effects of defects in laser additive manufactured Ti-6AL-4V on fatigue properties[END_REF], no effect of the building direction was observed between the 45°and 90°specimens. However, in the work of Edwards and Ramulu [START_REF] Edwards | Fatigue performance evaluation of selective laser melted Ti-6AL-4V[END_REF] and Nicolet to [START_REF] Nicoletto | Anisotropic high cycle fatigue behavior of Ti-6AL-4V obtained by powder bed laser fusion[END_REF], the fatigue strength of the 90°specimens is lower than other directions. Comparing to the wrought and cast TA6V alloys, it can be stated that the fatigue strength of the 0 °and 45 °batches is comparable to the wrought TA6V while for the 90 °batches, the fatigue strength slightly higher than the cast TA6V alloy.

Fatigue crack initiation mechanisms

All of the fatigue failure surfaces were analysed using a conventional ZEISS scanning electron microscope. It was observed that all of the fatigue cracks initiated from only one site. Almost all the fatigue cracks initiate from a pore (76 out of 77 specimens). Only one Fig. 9. Tensile behaviour of the investigated alloy fabricated with the three building directions [START_REF] Le | Influence of porosity on the fatigue behaviour of additively fabricated ta6v alloys[END_REF].

specimen shows crack initiation with no detectable pore.

Most pores at the crack initiation sites are "lack of fusion" pores, located on the specimen surface (66 of 77 specimens) as shown in Fig. 11. Interestingly, it can also be seen in Fig. 11 for 45°and 90°specimens that "balling" particles seem to be the origin of the formation of the critical pore.

An other interesting observation is that the anisotropy of the pore morphology, related to the balling phenomenon (mentioned previously in Section 2.3), can also be seen in the analysis of the failure surface. Fig. 12 shows some pores at the crack initiation sites of 0°(left) and 90°(specimens).

It can be observed that the critical pores for the 0°specimens are generally elongated (i.e. the Minimum Feret diameter is much lower than the Maximum Feret diameter) while for the 90°specimens, the critical pores are more equiaxed.

Pore size distribution used for fatigue strength prediction

It was shown in the characterization of the pore size distribution obtained by optical microscopy on polished samples, taken from three batches 0°-B1, 45°-B1 and 90°-B1 (Section 2.3), that the pore size of the 45°-B1 batch is the largest, while the difference in the pore size between the 0°-B1 batch and the 90°-B1 batch is not clear. However, the order of the fatigue resistance for these three batches is not in agreement with the pore size distributions. In fact, the fatigue strength of the 90°-B1 is the lowest, while the 0°-B1 batch shows the highest fatigue strength (Fig. 10(d)). In order to understand this discrepancy, a comparison of the pore size distributions characterized on polished samples with the distributions of pore size measured at the crack initiation site is shown in Fig. 13.

Firstly, it can be seen that the pore size distributions measured on the fatigue failure surfaces is in a good agreement with the fatigue strength rank of the three batches (i.e. the 90°-B1 batch shows the lowest while the 0°-B1 batch shows the highest fatigue strength).

Secondly, it seems that the pore size distribution of the 90°-B1 batch characterized on polished samples by optical microscopy under-estimates the porosity level of the batch. In fact, the critical pore size distribution measured on the failure surfaces of the 90°-B1 batch is the largest while the distribution from polished samples for this batch shows a relatively low pore size compared to the other batches. One possible explanation is due to the anisotropy of the critical pore morphology (shown in Fig. 12). That is, the possibility that a OM observation plane cuts a large pore is relatively small for the 90°building direction. Consequently, the measured pore size distribution for the 90°batch is not representative of the porosity density of the batch, even though a relatively large sample size was examined (i.e. 300 images of size S 0 = 2.34 mm 2 were analysed for each batch).

It can also be seen in Fig. 13 that the pore size distributions measured on polished samples is smaller than the ones measured at the crack initiation sites on the fatigue failure surfaces. This difference is widely observed in the literature ( [START_REF] Le | Etude de linfluence des htrognits microstructurales sur la tenue en fatigue grand nombre de cycles des alliages daluminium de fonderie[END_REF]) and can be explained by the fact that the material volume characterized by the metallographic method is generally smaller than the gauge volume in the fatigue specimens. Hence, as per the extreme value theory ( [START_REF] Gumbel | Statistical theory of extreme values and some practical applications: a series of lectures Applied mathematics series[END_REF][START_REF] Weibull | A statistical theory of the strength of materials[END_REF]), the pore size extreme distribution is larger when the volume of material characterized is higher.

In order to illustrate this "size effect" and to link the two distributions for each building orientation, it is proposed, as done in previous work [START_REF] Le | Etude de linfluence des htrognits microstructurales sur la tenue en fatigue grand nombre de cycles des alliages daluminium de fonderie[END_REF][START_REF] Osmond | Effect of porosity on the fatigue strength of cast aluminium alloys: from the specimen to the structure[END_REF], to use an extension of the Murakami approach [START_REF] Murakami | Effects of small defects and nonmetallic inclusions[END_REF] proposed by Makkonen et al. [START_REF] Makkonen | Size effect in fatigue based on the extreme value distribution of defects[END_REF]. As per this approach, the cumulative distribution function of the critical pore size at the crack initiation site associated with the loaded volume V is given by:

⎜ ⎟ = ⎡ ⎣ ⎢ - ⎛ ⎝ - -′ ⎞ ⎠ ⎤ ⎦ ⎥ F area V exp exp area μ β ( , ) ( ) (4) 
where ′ = + μ μ βln V V ( / ) 0 . μ and β are the location and scale parameter of the Gumbel distribution, metallographically identified by the line of best-fit in Fig. 7.

The reference volume V 0 characterized by the metallographic method can be calculated by = × V max area S ( ) 0 0 where max area ( ) is the maximum pore size observed and S 0 = 2.34 mm 2 is the inspection area. The loaded volume V is the sub-surface hollow cylinder with a height of 24 mm, i.e. the specimen gauge length. The thickness of the hollow cylinder is 250 μm corresponding to the maximum pore size observed on the failure surfaces. The reason for using the sub-surface volume is that it has been shown in the literature ( [START_REF] Le | Multiaxial high cycle fatigue damage mechanisms associated with the different microstructural heterogeneities of cast aluminium alloys[END_REF][START_REF] Dezecot | 3d characterization and modeling of low cycle fatigue damage mechanisms at high temperature in a cast aluminum alloy[END_REF][START_REF] Serrano-Munoz | Influence of surface and internal casting defects on the fatigue behaviour of a357-t6 cast aluminium alloy[END_REF]) for the high cycle fatigue (HCF) regime that surface pores are much more detrimental than internal pores. The dominate fatigue crack often initiates from surface pores, even though bigger pores are present in the bulk. Fig. 14 shows the result of the prediction for the three batches 0°-B1, 45°-B1 and 90°-B1 for which the metallographical pore size characterization was done.

Good agreement between the prediction and the experimental data can be seen for the 0°-B1, 45°-B1 batches. However, for the 90°-B1 batch, the prediction under-estimates the critical pore size. This observation emphasizes both a volume effect and the difficulty to correctly characterize the critical pore size distribution from the metallographic approach for each building direction.

The effect of porosity on the fatigue strength

In this section, the effect of pore size on the fatigue behaviour of all of the batches will be analysed and modelled. As shown in the Fig. 13. Comparison of the pore size distributions obtained from observations on polished samples using optical microscopy (square data points labelled "OM") and on failure surfaces(circular data points labelled "Crack initiations"). Fig. 14. Correlation between the maximum pore size distributions predicted from the metallographical pore size characterization and the pore size distributions measured on the crack initiation sites. previous section, the pore size distribution obtained by the metallographic method should not be assumed representative for all the building directions. For this reason, only the pore size distributions measured on the crack initiation sites will be considered in these analysis.

Correlation between the critical pore size distributions and the S-N curves

The pore size defined as the area measured at the crack initiation sites are plotted in Fig. 15 for all fatigue batches. By comparison with the S-N curves shown in Fig. 10(d), it can be seen that the lowest fatigue strengths, obtained for the 90°b atches are in a good agreement with the largest pore sizes compared with the 0°and 45°batches. For the 0°and 45°batches, no difference in the S-N curves is clearly visible. Furthermore, because of the large scatter in the Wöhler curves, the effect of the pore size on the fatigue strength can not be readily highlighted by correlation with the pore size distributions. In order to better understand the pore size effect, a map that links the applied stress (S), the pore size measured at the crack initiation site ( area ) and the fatigue life (N f ) is presented.

Generalized Kitagawa-Takahashi diagram: stress, pore size, fatigue life maps

The original Kitagawa-Takahashi diagram was proposed to show the relationship between the defect size and the fatigue strength at the infinite fatigue life of the material. The generalized Kitagawa-Takahashi diagram, initially proposed by Ciavarella et al. [START_REF] Ciavarella | On the possible generalizations of the Kitagawa-Takahashi diagram and of the el haddad equation to finite life[END_REF] according to the authors knowledge, is used to show the relationship between three parameters: the fatigue life, the applied stress and the defect size. The authors presented this relationship in the "defect size -fatigue strength" plane using the fatigue life as isocurves.

In the present work, the fatigue tests focused on the limited fatigue life domain with only a few data points were obtained for the "infinite" fatigue life. The run-out number of cycles was defined as × 2 10 6 cycles. Specimens that survived × 2 10 6 cycles were considered to have an "infinite" fatigue life.

As discussed in the previous section, due to the large scatters in both the pore size distributions and the S-N curves, the classical diagrams such as the original Kitagawa-Takahashi or the Gumbel pore size distribution can not clearly highlight the role of the pore size on the fatigue behaviour. The generalized Kitagawa-Takahashi is hence an interesting way to analyse the data obtained at different fatigue lives.

Fig. 16(a) shows the generalized Kitagawa-Takahashi diagram for all pores for the three building directions. A linear interpolation in terms of Log N ( ) f was used to fill the maps. The Y-axis scale is the same for all of the three maps. The run-out specimens are also presented with a fatigue life of × 2 10 6 cycles and with a pore size measured on the failure surface of the same specimen after re-tested at higher load.

Considering this representation of lifetime behavior, two interesting observations can be highlighted. Firstly, the yellow arrows shown in the Fig. 16(a) point to perturbations, or specimens that have a better fatigue strength compared to neighbouring data. Observation of the fatigue failure surfaces, for these specimens showed that these points correspond to crack initiation from an internal pore as shown in Fig. 16(b). This effect of initiation from an internal pore has been widely accepted in the literature ( [START_REF] Serrano-Munoz | Influence of surface and internal casting defects on the fatigue behaviour of a357-t6 cast aluminium alloy[END_REF][START_REF] Murakami | Stress intensity factors handbook[END_REF]).

The second observation concerns the effect of the pore morphology. It was mentioned previously in Section 3.2 that, for some of the 45°-B2 specimens, the crack initiated from spherical gas pores. By examining the map for the 45°batches (see Fig. 17(a)), a slightly better fatigue life can be seen for the specimens in which the final crack initiates from a spherical gas pore (indicated by yellow arrows).

The effect of pore morphology on the fatigue strength has been discussed in the literature ( [START_REF] Dezecot | 3d characterization and modeling of low cycle fatigue damage mechanisms at high temperature in a cast aluminum alloy[END_REF][START_REF] Le | Investigation of the effect of porosity on the high cycle fatigue behaviour of cast al-si alloy by x-ray microtomography[END_REF]) for both experimental and numerical studies.

By removing the data related to the internal crack initiation and the spherical gas pores and by considering only the surface "lackof-fusion" pores, the map shown in Fig. 18 is constructed. Better agreement can be observed between the stress, the pore size and the fatigue life, when compared to the original map. The effect of the oriented microstructure does not seem pronounced. As an example, the two points enclosed by the white ellipse in Fig. 18 correspond to two critical pores with similar size and geometry. The fatigue life of the two specimens are similar (67619 and 69350 cycles) however the first one is a 45°specimen and the second is a 90°specimen.

Modelling the effect of pore size on the fatigue life

As shown in the previous section, the fatigue resistance of the investigated alloy is controlled mainly by the pore size while the effect of the local microstructure does not seem pronounced. In this section, a model to predict the fatigue life, taking into account the pore size will be presented. Note that, in this section, crack initiation from internal pores (observed on 5 specimens out of a total of 77) and from spherical gas pores (observed on 5 specimens out of a total of 77) are not taken into account.

In the literature, several approaches for modelling the fatigue life, taking into account the defect size have been proposed. Among them, the fracture mechanics-based approach using the Paris law ( [START_REF] Paris | A rational analytic theory of fatigue[END_REF][START_REF] Paris | A critical analysis of crack propagation laws[END_REF]) is largely used to model the crack growth rate and predict the fatigue life. Similarly, ) proposed a model for small fatigue crack growth and applied it with success to cast aluminium alloys. In the present study, these two approaches will be applied and compared for the investigated alloy.

• The Paris law:

= da dN C K (Δ ) n (5)
where K Δ is the cyclic stress intensity factor (SIF). For microstructural crack-like pores, this factor can be calculated by the Murakami equation ( [START_REF] Murakami | Stress intensity factors handbook[END_REF]) given by:

= K Y σ π area Δ Δ ( 6 
)
where Y is equal to 0.65 for surface pores. By substituting Eq. ( 6) into Eq. ( 5) and given that = -σ Rσ Δ

(1 ) max , the initial crack growth rate from a pore can be determined by the following equation:

= ′ d area dN C σ area ( ) ( ( ) ) 
max n 1/2 [START_REF] Facchini | Ductility of a Ti-6AL-4V alloy produced by selective laser melting of prealloyed powders[END_REF] where 1)) n n/2 and R is the load ratio.

′ = - C C Y R π ( (
• The Caton approach:

Caton assumed that the small crack growth rate is a function of the macroscopic maximum strain ε max , the stress amplitude σ a and the yield strength of the material σ y , given by the following equation:

⎜ ⎟ = ⎛ ⎝ ⎜ ⎛ ⎝ ⎞ ⎠ ⎞ ⎠ ⎟ da dN D ε σ σ a max a y s t ( 8 
)
where a is the defect size.

For the tests undertaken in our work the macroscopic maximum strain ε max can be replaced by σ E / max (where E is the Young's modulus) because the maximum applied fatigue loads always result in a maximum stress which is lower than the macroscopic yield strength of the material. If the Murakami's parameter area is used to define the defect size, the initial crack growth rate from a pore is given by:

= ′ ′ d area dN D σ area ( ) ( ( ) ) max s t 1/2 (9) where ′ = - ( ) D D R Eσ st 1 2 y and ′ = t st 2 .
It can be seen from Eqs. ( 7) and ( 9 1/2 for the Caton approach can be used as variables to estimate the initial crack growth rate from a pore and therefore its final fatigue life. In Fig. 19, the relationship between the fatigue life and these terms for all the specimen batches is shown. In order to compare with the raw data in the S-N curves (shown in Fig. 19(a)), the variable is normalized with reference pore size of = area 150 μm. 

The value of = s 1.67 has been determined so that the scatter of the corrected S-N curves is the lowest. One of the most interesting advantages of the "corrected stress versus fatigue life" diagram is that the validity of the criteria under investigation can be estimated with limited influence of the model parameter identification. For the Paris law, no parameters need to be identified. However for the Caton approach, only one parameter s is necessary (instead of 3 parameters ′ D s , and ′ t for the full model). In the literature, similar diagrams have been used to investigate the effect of the pore size and to validate a criterion. For example, in the work of Gunther et al. [START_REF] Günther | Fatigue life of additively manufactured Ti-6AL-4V in the very high cycle fatigue regime[END_REF], the authors plotted the K I max It can be clearly seen in Fig. 19 that the scatter in the corrected S-N diagrams is largely reduced, compared to the raw data. The Caton approach shows smaller scatter compared to the Paris law. Another observation is that no notable difference can be observed between the three building directions. A similar observation was shown in Section 4.2. In other words, the effect of the oriented microstructure, that is the columnar microstructure, is not the key factor controlling the fatigue strength.

To model the generalized Kitagawa-Takahashi map, the Caton approach is chosen. Caton et al. showed in their work ( [START_REF] Caton | Demonstration of an endurance limit in cast 319 aluminum[END_REF]) that the proposed model under-estimates the fatigue strength of the material for the unlimited fatigue life domain, so a combination with the crack growth threshold intensity factor K Δ th seems necessary. A second term representing the asymptotic fatigue limit line is added to Eq. ( 8) as shown in Eq. ( 12). This modification was also used in the work of Romano et al. [START_REF] Romano | Fatigue properties of AlSi10mg obtained by additive manufacturing: Defect-based modelling and prediction of fatigue strength[END_REF].

⎜ ⎟ = ⎛ ⎝ ⎜ ⎛ ⎝ ⎞ ⎠ ⎞ ⎠ ⎟ ⎛ ⎝ - ⎞ ⎠ > da dN D ε σ σ a K K K K 1 Δ Δ ifΔ Δ max a y s t th p th ( 12 
)
Four material parameters D s t , , and p, were identified to best-fit the experimental data. The resulting generalized Kitagawa-Takahashi maps is shown in Fig. 20a-c. Fig. 20(a) shows the predictions in log-log scale using the iso-value curves. Fig. 20(b) is nothing but Fig. 18 presented in log-log scale using the iso-value curves. Fig. 20(c) shows the error map in Log-Log scale. The error between the model and the raw data is defined as follow:

= N N Error f Exp f Sim , , (13) 
where N f Exp It can be noticed that the discontinuities of the iso-value curves in log N ( ) f represented in Fig. 20(b) are more pronounced in the unlimited fatigue life domain in which the lack of experimental data is probably the cause.

In Fig. 20(a), the utilized model does not permit predicting the fatigue limit in the region without defect. This is simply because the LEFM based criterion used to model the fatigue strength at the unlimited fatigue life uses a constant stress intensity factor, K Δ th ,that is not appropriate to model the fatigue strength of the porosity-free material. In the present study, this fact is not really problematical because all the analysed fatigue specimens showed a crack initiation from pore. It can be seen in the error map that the predictions are quite good in this region with the error lies between 0.8 and 1. ).

Conclusion

This paper deals with the fatigue behaviour of TA6V titanium alloy fabricated by the SLM process. A great deal of experimental data was obtained for 7 specimen batches with 3 building directions. Several analyses have been done in order to finely characterize the effect of pore size on the fatigue strength. A generalized Kitagawa-Takahashi diagram is shown to be an appropriate way to analyse the stress, fatigue life and pore size relationships.

The principal results are as follow:

• It has been highlighted that the oriented microstructure (columnar grains) and the pore geometry anisotropy ("balling effect" related pores) are linked to the building direction.

• The characterization of the porosity by optical observations on polished samples under-estimates the critical pore size for the 90°s pecimens. For the 0°and 45°, the measured pore size distributions by this methodology is in agreement with the order of the fatigue resistance and can be used to predict the critical pore size distributions by the Murakami approach.

• The effect of the pore size on the fatigue behaviour, investigated using the generalized Kitagawa-Takahashi diagrams, showed that he fatigue resistance is mainly controlled by the pore size, characterized by the Murakami's parameter area . The effect of the oriented microstructure is not pronounced. • Two fracture mechanics approaches, the Paris law and the Caton model, were used to predict the fatigue life. By using the "corrected" S-N curves, the Caton approach shows better agreement than the Paris law. The predictions of the fatigue life obtained by using the Caton approach was correlated with the experimental data thanks to the generalized Kitagawa-Takahashi diagram and shows relatively good results.
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 1 Fig. 1. SEM analysis of powder particles.

Fig. 2 .

 2 Fig. 2. Final geometry of the fatigue specimens [50].
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 4 Fig. 4. (a) to (c): observation planes parallel to the building direction; (d) and(e): observation planes perpendicular to the specimen axis for 45°and 90°specimens.

Fig. 8 .

 8 Fig.8. Comparison of the pore size distributions measured on perpendicular planes and parallel planes for the 90°-B1 specimens.

Fig. 10 .

 10 Fig. 10. Wöhler curves for all of specimen batches: (a) 0°batches, (b) 45°batches, (c) 90°batches and (d) superposition of the Stromeyer theoretical curves of all batches. The arrows indicate the run-out specimens. The fatigue data bands for wrought and cast TA6V is documented in [35].
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 11 Fig. 11. Fatigue crack initiation site observed on a 0°(left), 45°(middle) and 90°(right) specimen [50].

Fig. 12 .

 12 Fig. 12. Anisotropy of the pore geometry observed on the fatigue failure surfaces for 0°(left) and 90°(right) specimens.
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 15 Fig. 15. Pore size distributions measured on the fatigue failure surfaces.

Fig. 16 .

 16 Fig. 16. (a) Generalized Kitagawa-Takahashi diagram or the Sarea -N f map for all pores. The arrows indicate specimens for which crack initiation occurred from internal pores and (b) SEM images showing crack initiation from an internal pore [50].

Fig. 17 .

 17 Fig. 17. (a) Generalized Kitagawa-Takahashi map for 45°batches showing the effect of spherical gas pores (indicated by arrows) and (b) SEM images of crack initiation from a spherical gas pore.

Fig. 18 .

 18 Fig.18. S-area -N f map for only surface lack-of-fusion pores (i.e. without internal pores and spherical gas pores); circular dots = 0°specimens, square dots = 45°specimens, triangle dots = 90°specimens.

  ) that mathematically, the Caton equation is an extension of the Paris law with the Murakami SIF. When = s 1 the Caton model simplifies to the Paris law. Hence, the terms Yσ area

,

  against the fatigue life while in the work of Masuo et al.[START_REF] Masuo | surface roughness and HIP on fatigue strength of Ti-6AL-4V manufactured by additive manufacturing[END_REF] and Yamashita et al.[START_REF] Yamashita | Defect analysis and fatigue design basis for ni-based superalloy 718 manufactured by selective laser melting[END_REF], a normalized stress σ σ / w based on the Murakami empirical model =

,

  and N f Sim , are respectively the experimental and simulated number of cycles to failure.

Fig. 19 .

 19 Fig. 19. Comparison of the scatter of the S-N curves between (a) the raw data, (b) the Paris law corrected-stress data with the Murakami SIF, (c) the Canton corrected-stress data with = s 1.67. The Y-axis of the three diagrams have the same scale.

Fig. 20 .

 20 Fig. 20. The generalized Kitagawa-Takahashi diagrams iso-values curves in log-log scale, modelled using the Caton approach (a) and built from the experimental data (b); The error map in log-log scale (c).

  

Table 2

 2 Summary of the fabricated fatigue specimen batches.

	Building Dir.	Batch Ref.	Batch specimen nb.	Total
	0	0°-B1	10	20
		0°-B2	10	
	45	45°-B1	14	26
		45°-B2	6	
		45°-B3	6	
	90	90°-B1	20	31
		90°-B2		

Table 3

 3 Parameters of the Stromeyer equation fitted for each batch.

	Batch	A	B	σ max n 0,
	0-B1	4.250	0.742	0.450
	0-B2	4.204	1.022	0.550
	45-B1	3.861	1.150	0.400
	45-B2	4.042	1.049	0.600
	45-B3	3.309	2.106	0.500
	90-B1	3.908	1.238	0.275
	90-B2	3.728	1.193	0.400

  6 (i.e.

	N 0.8 f Sim ,	⩽	N f Exp ,	⩽	N 1.6 f Sim ,
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