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This work is focused on the influence of defects on scatter and statistical size effect of Ti-6Al-4V alloy fabricated by the SLM process. A vast fatigue test campaign has been undertaken, for two surface conditions (as-built and machined surfaces) and two specimen geometries with different highly loaded volume sizes. It was shown, for machined specimens, that a large variety of crack initiation mechanisms is the principal origin of the fatigue scatter. Regarding the size effect, the change of the mechanism is the first order factor that governs the size effect. For as-built specimens, these effects are much less pronounced.

Introduction

For most metallic materials, the microstructure, microstructural defects and surface roughness are the fingerprints for the prediction of their macroscopic mechanical behaviour. For the case of Selective Laser Melting (SLM) of metal Additive Manufacturing (AM), the precise control of the microstructure, porosity (i.e. gas and Lack-of-Fusion (LoF) pores) and surface roughness is not easily achievable. This has proven to be very challenging for getting high-performance Ti-6Al-4V alloy, most commonly used in the aeronautical and bio-mechanical industries.

The principal objective of this paper is to contribute to the comprehension of the effect of the two main defect types found in SLM additively manufactured Ti-6Al-4V alloys, porosity and The objective of the present work is to characterise the fatigue behaviour, in particular the fatigue scatter and the size effect, of the Ti-6Al-4V alloy obtained by the SLM process. In order to achieve this aim, 4 specimen configurations were fabricated and investigated, corresponding to two surface conditions (as-built and machined surfaces) and to two specimen sizes (standard size and small size).

In the first part of this paper, the material properties including the microstructures, the surface roughness and the tensile properties are briefly presented, followed by the characterisation of the fatigue behaviour and associated damage mechanisms. It will be shown that numerous different fatigue crack initiation mechanisms are active. The critical defect size at the crack initiation sites are also characterised.

In the second part of the paper, the link between the fatigue behaviour and the crack initiation mechanisms is highlighted. The S-N curves are analysed separately for each damage mechanism.

In order to take into account the pore size, a "corrected stress", introduced in one of the present authors previous publication [START_REF] Le | Interpretation of the fatigue anisotropy of additively manufactured ta6v alloys via a fracture mechanics approach[END_REF], is used. A Kitagawa-Takahashi approach is also used to analyse the effect of pore size on the fatigue strength. A comparison of the fatigue behaviour between the machined and as-built surface, for the same fatigue damage mechanism, shows a pronounced effect of the as-built surface.

In the final part, the statistical size effect on the fatigue strength will be discussed by comparing the fatigue behaviour between the standard size and small size specimens. Finally, a probabilistic approach is proposed to describe the statistical size effect. The model predicts the probability of occurrence of the LoF pores, the most detrimental defect type, in a given volume.

Specimen fabrication

The titanium alloy used in this work is grade 23, Ti-6Al-4V ELI. The chemical composition is shown in Table 1.

Al V C Fe H N O
6.0 4.0 ≤ 0.08 ≤ 0.25 ≤ 0.012 ≤ 0.05 ≤ 0.13

Table 1: Standardized chemical composition (in weight percentage) of the Ti-6Al-4V alloy [START_REF]ASTM F3001-14[END_REF] The powder was supplied by AP&C with a particle size range of 20 µm -63 µm with a median size of 43 µm. The specimens were manufactured by the Jules Verne Research and Technology Institute in France (IRT Jules Verne), using a SLM 280HL machine. The standard parameters recommended by the machine maker were used for the fabrication. In total, 68 fatigue specimens were fabricated, randomly mixed on 4 batches (two of them are shown in Figure 2).

In the previous work [START_REF] Le | Interpretation of the fatigue anisotropy of additively manufactured ta6v alloys via a fracture mechanics approach[END_REF], several building directions (0 • , 45 • , 90 • ) were used in order to investigate the effect of this factor on the fatigue behaviour. In the present work, all of the specimens were fabricated vertically (i.e. the most critical building direction in relation to the fatigue strength) with two specimen geometries as shown in Figure 1. The standard size geometry is proposed in the standard ISO -NF EN 6072 -June 2012 while the small size geometry was chosen so that the loaded volume is much smaller than the standard size geometry without introducing a strong stress concentration. For information, the V 80% (highly loaded volume in which the lowest stress is equal to the 80% of the highest stress in the whole specimen) under uniaxial tensile loads corresponding to these two geometries are respectively 2044 mm 3 and 206 mm 3 . The machining was realised after the post-heat treatment. For the as-built surface specimens, only the threaded heads were machined while the calibrated zone was left as-fabricated with the diameters as indicated in Figure 1, i.e. Φ8 mm for the standard size and Φ5 mm for the small size. For the machined surface configurations, the as-fabricated gauge diameters were Φ10 mm for standard size and Φ7 mm for small size. After removing 1 mm from the radius by machining, the gauge diameters of the machined specimens are the same as the as-built specimens. Four specimen configurations and the associated number of specimen are given in Table 2.

Configuration

Number of specimens

Standard size -Machined 20

Small size -Machined 19

Standard size -As-built 14

Small size -As-built 15 The microstructure was characterised by using an optical microscope to observe polished and chemically etched samples. A columnar microstructure with the grains orientation parallel to the building direction was observed as shown in Figure 3a and Figure 3b. This observation is in a good agreement with works from the literature [START_REF] Le | Interpretation of the fatigue anisotropy of additively manufactured ta6v alloys via a fracture mechanics approach[END_REF][START_REF] Thijs | A study of the microstructural evolution during selective laser melting of ti-6al-4v[END_REF]. For the as-built specimens (Figure 3c and Figure 3d), a sub-surface ring of 400 to 500 µm in thickness can be seen in which the microstructure is coarser than the microstructure in the bulk.

Micro-hardness measurements using a HV0.2kg indenter showed that the average micro-hardness in sub-surface zone is higher than that measured in the bulk (440 HV0.2 versus 370 HV0.2). The higher hardness in the sub-surface layer may be linked to the formation of alpha case phase (i.e.

oxygen-enriched surface phase) that occurs when the alloy is exposed to heated air or oxygen.

This phase transformation can occur during either the fabrication or the heat treatments. For the machined specimens, the micro-hardness is homogeneous and similar to the micro-hardness measured in the bulk of the as-built specimens.

Characterisation of the porosity was conducted on 3 specimens for each configuration on planes perpendicular to the specimen axis (i.e. perpendicular to the building direction). For each configuration, the number of transverse cut planes analysed is between 10 and 20, which result in a total analysed area of between 340 mm 2 and 1100 mm 2 . The smallest pore that was observed is of approximately 5 µm in diameter. In addition to the porosity characterisations on polished samples, X-ray tomography observations have been conducted on a small sample in order to visualise the 3D geometry of pores. The two types of pores that were observed are gas pores and LoF pores. While gas pores are generally spherical, the LoF pores, related mainly to the balling effect [START_REF] Le | Interpretation of the fatigue anisotropy of additively manufactured ta6v alloys via a fracture mechanics approach[END_REF], have a very spread-out geometry, i.e. a large area but small thickness. The plane on which pores spread out is generally perpendicular to the building direction. Figure 4 shows the geometries of a gas pore and a LoF pore observed by X-ray tomography. These observations are in a good agreement with the literature [START_REF] Kasperovich | Improvement of fatigue resistance and ductility of TiAl6v4 processed by selective laser melting[END_REF]. The porosity levels measured on polished samples are very low, approximately 0.001%. The pore density, characterised by the number of pores per mm 2 , is approximately 1.08 × 10 -2 pores /mm 2 for LoF pores. For gas pore, the density is higher, approximately 3.29 × 10 -2 pores /mm 2 .

Surface roughness characterisations were realised thanks to an optical 3D profilometer on 3 specimens for each configuration. A scan of an as-built surfaces by the profilometer is illustrated in Figure 5a and the same zone observed using an Scanning Electronic Microscope (SEM) is shown in Figure 5b.

It can be seen that the as-built surface is principally made up of un-melted particles (in red)

and valleys in well-melted zones (in dark blue). These singularities are distributed homogeneously on the specimen surface and no noticeable effect of the gas flux was observed on the surface. The surface roughness is evaluated in zones with a size of 20 mm × 1 mm for standard size specimens and 6 mm × 1 mm for small size specimens. The 2D surface roughness S a , defined as the double integral of the height/depth of peaks are calculated over the evaluation zone after removing the surface wavelength by using a Gaussian filter with the cut-off wavelength λ c of 2.5 mm. The resulting measured S a values are given in Table 3. It can be seen that the difference in surface roughness between the standard size specimens and small size specimens is negligible.

Quasi-static tensile tests were conducted as per the standard ASTM E8/E8M-13 on flat specimens with a rectangular cross-section of 2 mm × 6 mm. The strain was measured using an extensometer with an initial length L 0 =25 mm and a displacement range ∆L = ±2.5 mm. All tests were conducted with a constant strain rate of 0.005 min -1 at ambient temperature and environment.

The tensile properties of the investigated materials are given in Table 3. 

Configuration

Fatigue behaviour and damage mechanisms

All fatigue tests 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 reasons for which the fatigue tests were interrupted at 2 × 10 6 cycles are: (i) the industrial partners of the project are interested in the fatigue behaviour for fatigue lives between 10 5 and 2 × 10 6 cycles; (ii) due to the requirements of the industrial partners, the testing frequency was limited to 20 Hz; at this frequency, longer fatigue lives were not possible due to time and budgetary limitations; (iii) as widely shown in the literature, even at a fatigue life of 2 × 10 6 cycles, the presence of defects has a pronounced effect on the fatigue behaviour of additively manufactured metals. 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. The principal aims of the re-tests is to gain access to the critical defect for all of the specimens in order to obtain a large enough database with a limited number of specimens. Because only the specimens that survived 2 × 10 6 cycles were re-tested, the authors supposed that the strengthening or the cumulative damage is not significant at such a high number of cycles.

Wöhler curves

The experimental results, in the form of Wöhler curves, are shown in Figure 6 for the machined specimens and in Figure 7 for the as built specimens. The fitting curves corresponding to a probability of failure of 10%, 50% and 90% were calculated using the Stromeyer equation, defined as follows:

Log 10 N f = C -m × Log 10 (S max -S 0 ) (1) 
The three parameters in this equation, C, S 0 and m are fitted using the Maximum Likelihood Estimation (MLE) method. It must be to note that the re-tested points were neglected while the run-out points were taken into account in the fitting algorithm. The detail of the algorithm was shown in the work of Pollak et al. [START_REF] Pollak | A comparison of maximum likelihood models for fatigue strength characterization in materials exhibiting a fatigue limit[END_REF]. From the fitting equation, the fatigue limit at 2 × 10 6 cycles, S D , and the associated standard deviation, Std, were calculated.

It can be seen that for the machined specimens (Figure 6a and Figure 6b) the scatter in the fatigue data is relatively high with a covariance, S td/S D, between 12% and 16%. Furthermore, it seems that the data is grouped into two different populations. This is especially clear for the small size machined specimens. The first population, on the left of the diagram, includes points with N f lower than 10 5 cycles even for low applied stresses. The second population on the right includes specimens which have much higher fatigue strength with N f between 10 5 and 2 × 10 6 cycles. A comparison with data from the literature [START_REF] Wycisk | Effects of defects in laser additive manufactured ti-6al-4v on fatigue properties[END_REF][START_REF] Greitemeier | Fatigue performance of additive manufactured TiAl6v4 using electron and laser beam melting[END_REF][START_REF] Gong | Effect of defects on fatigue tests of as-built ti-6al-4v parts fabricated by selective laser 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] Walker | Evaluation of fatigue crack propagation behaviour in ti-6al-4v manufactured by selective laser melting[END_REF] in Figure 6c shows that the fatigue strength of the investigated material is relatively good. Most of the data points are comparable to the wrought Ti-6Al-4V material. However, the scatter is higher in comparison with the AM data from the literature.

For the as-built specimens (Figure 7a and Figure 7b), the scatter in the S-N data is much lower, with a covariance between 5.5% and 8.6%. The comparison with data from the literature [START_REF] Wycisk | Effects of defects in laser additive manufactured ti-6al-4v on fatigue properties[END_REF][START_REF] Greitemeier | Fatigue performance of additive manufactured TiAl6v4 using electron and laser beam melting[END_REF] in Figure 7c also shows that the fatigue strength of the material in the present investigation is slightly better. In order to estimate the effect of the as-built surface, a comparison between the as-built and machined specimens is given in Figure 8. It can be stated that the as-built surface drastically reduces the fatigue strength of the material: the fatigue strength at 2 × 10 6 cycles for the as- with data from the literature built specimens is approximately 40% to 60% lower than the machined specimens. However, this comparison shows only a macroscopic view of the effect of the as-built surface while the fatigue damage mechanisms have not been taken into account. Later in the paper, a detailed comparison between the machined and as-built specimens for a same crack initiation mechanism will be presented. 

Fatigue crack initiation mechanisms

All of the fatigue failure surfaces were analysed using a scanning electronic microscope in order to identify the origin of crack initiation and to measure the defect size. For the machined specimens, four crack initiation mechanisms were identified:

• LoF pores at the free surface (Figure 9a)

• LoF pores in the bulk (Figure 9b)

• Gas pores at the free surface (Figure 9c)

• Gas pores in the bulk (Figure 9d)

For the as-built specimens, only the following two crack initiation mechanisms were observed:

• LoF pores at the free surface (Figure 10a)

• Surface roughness (Figure 10b), multi-site crack initiation often observed surface for the standard size specimens is higher than for the small size specimens. This is true for both machined and as-built surfaces. This observation will be analysed more closely in Section 4

A
with respect to the statistical size effect.

The size of all of the critical pores at the crack initiation sites was measured and is expressed using the square root of the area parameter, √ area. Regarding the crack initiation mechanism related to the surface roughness, in this work no relevant size parameter was found that could be compared to the √ area parameter used for pores. In fact, the surface roughness defects are generally narrow (with a depth smaller than 50 µm) but very long. For this reason, the area measure on the failure surface does not seem relevant. Other parameters such as the depth and the bottom curvature of the local surface valleys might be more significant [START_REF] Gerin | A non-local approach to model the combined effects of forging defects and shot-peening on the fatigue strength of a pearlitic steel[END_REF][START_REF] Pomberger | Areal fatigue strength assessment of cast aluminium surface layers[END_REF].

The pore size distributions are shown in Figure 11 in terms of the reduced variable, Y j , associated with the Gumbel distribution. The reduced variable is calculated from the empirical cumulative density function, F j , as follows:

Y j = -Ln(-Ln(F j )) (2) 
The mean value and the standard deviation of the pore size are given in Table 5. It can be seen that the size of the critical gas pores is generally lower than 50 µm while the critical LoF pores have a size between 50 µm and 350 µm, with an average value of approximately 150 µm. For the LoF pores, the average pore size is similar in all of the specimen configurations.

It means that there is no difference of the LoF pore size between the machined and as-built specimens. Also, there is no difference between the standard size specimens and small size specimens.

This observation is surprising at first glance because as per the theory of extreme values [START_REF] Gumbel | Statistical theory of extreme values and some practical applications: a series of lectures[END_REF][START_REF] Murakami | Effects of small defects and nonmetallic inclusions[END_REF],

the maximum pore size in a volume should increase with increasing volume. However, it was shown in the work of El Khoukhi et al. [START_REF] Khoukhi | Experimental investigation of the size effect in high cycle fatigue: Role of the defect population in cast aluminium alloys[END_REF] that there is a threshold in terms of loaded volume, beyond which the critical pore size does not change with increasing volume. The authors showed that the value of this threshold depends on different factors such as the pore size distribution and the inter-pores distance. Thanks to this result, it can be assumed that the "threshold" volume related to LoF pore distribution has already been reached even with the small size specimens.

Links between the fatigue strength and crack initiation mechanisms

In this section, the relationship between the crack initiation mechanisms and the fatigue behaviour will be quantitatively characterised. More precisely, the S-N curves will be analysed separately for each crack initiation mechanism. The pore size is also taken into account by using a "corrected stress" parameter. Thanks to these analyses, two important questions will be answered:

• What is the effect of the size and the spatial position of the pores?

• What is the effect of the as-built surface? For the same crack initiation mechanism from pores, is there a difference between the machined and the as-built specimens. Note that the small size specimens do not have a constant gauge section. For these specimens the applied stress is calculated at the crack position which does not necessarily correspond to the smallest diameter.

Machined specimens

in terms of which mechanism is the most detrimental or harmful:

1-LoF pores at the surface (the most detrimental)

2-LoF pores in the bulk 3-Gas pores at the surface 4-Gas pores in the bulk (the least detrimental)

It is interesting to note that, for the investigated material, a large internal LoF pore (with an average size of 150 µm -Table 5) can be more detrimental than a small surface gas pore (with an average size of 30 µm). Regarding the two populations of the fatigue strength mentioned earlier in Section 2.1, the population with low fatigue strength is related to the presence of a critical LoF pore at the surface while the second population with higher fatigue strength but greater more scatter, is related to the three other damage mechanisms: LoF pores in bulk, Gas pores on surface and Gas pores in bulk.

As-built specimens

For the as-built specimens, Figure 13 shows the S-N diagram in which the two crack initiation mechanisms are highlighted. It can be seen that there are no significant difference in terms of Note that for the small size specimens the applied stress is calculated using the diameter at the crack position and not the diameter at the smallest section.

the fatigue strength between crack initiation from LoF pores at the surface and crack initiation from surface roughness. This observation is quite surprising because when linked to the defect size as illustrated in Figure 10, the impact of a LoF pore with a depth of approximately 400 µm (Figure 10a) is equivalent to a surface roughness defect with a depth of 20 µm (Figure 10b). One possible explanation is that the defect aspect ratio, i.e. the ratio between the depth and the length on the surface, is much lower for roughness defects than for LoF pores. According to Molaei et al. [START_REF] Molaei | Fatigue of additive manufactured ti-6al-4v, part II: The relationship between microstructure, material cyclic properties, and component performance[END_REF], the aspect ratio greatly influences the fatigue strength and hence the defect depth alone or the defect area alone are not adequate to fully characterise the effect of the roughness defects.

Another factor may also affect the fatigue strength of as built specimens is the sub-surface layer with a more brittle microstructure, as discussed in Section 1.2. The effect of defect size may be less pronounced than for the machined specimens. This hypothesis will be discussed again in the comparison of the effect of the LoF pores between the machined surface and as-built surface in the next section.

Analysis of S-N data taking into account the crack initiation mechanism and the critical pore size

In this section, the S-N data will be analysed separately for each crack initiation mechanism.

The pore size will also be taken into account in this analysis by using the approach developed in the previous work [START_REF] Le | Interpretation of the fatigue anisotropy of additively manufactured ta6v alloys via a fracture mechanics approach[END_REF]. This approach, inspired by the work of Caton et al. [START_REF] Caton | Demonstration of an endurance limit in cast 319 aluminum[END_REF], introduce a "Corrected stress Smax" in which the critical pore size is taken into account, as given in Equation ( 3).

More details related to this approach can be found in previous work published by the authors [START_REF] Le | Interpretation of the fatigue anisotropy of additively manufactured ta6v alloys via a fracture mechanics approach[END_REF].

Corrected Smax = S max √ area average( √ area i ) s (3) 
The two parameters used in this formula, average ( √ area i ) and s , are determined as follows:

• Average ( √ area i ): the average pore size for each defect category. For LoF pores, the mean pore size is 150 µm. For gas pores, the mean pore size is 30 µm. The main reason for using the mean pore size is to make it possible to compare the corrected data with the uncorrected S-N curves.

• s : a non-linear weight factor related to the pore size. Higher values of s' result in a more pronounced effect of the porosity. In this work, the parameter s is identified by using the MLE method in which the Stromeyer equation was used to fit the S-N data.

Log 10 N = C -m × Log 10 (Corrected S max -S 0 ) (4) 
In short, the four parameters of the model optimised by the MLE method are s , C, m and S 0 , compared to the 3 parameters when using the classical Stromeyer equation as in Section 2.1.

Figure 14 and Figure 15 show the corrected S-N diagram in comparison with the uncorrected S-N diagram for the machined and the as-built specimens. The identified parameters are given in Table 6. It should be noted that for the mechanism related to gas pore in the bulk for the machined specimens, the MLE estimation was not possible due to the limited number of data.

Only the fatigue strength was estimated in order to compare with the other mechanisms. For better understanding the comparability between the corrected and uncorrected S-N diagrams, it should be noted that for a pore size equal to the average pore size (as a reminder 150 µm for LoF pores and 30 µm for LoF pores), the fitting curves presented in the corrected stress diagrams are unchanged when presented in the uncorrected stress diagrams. Similarly, the estimated fatigue strengths in terms of corrected stress shown in Table 6 are unchanged when calculated for uncorrected stress with a pore size equal to the average pore size.

By using the corrected stress that takes into account the pore size, it can be seen that the scatter of the S-N can be reduced, especially for machined specimens. In comparison with the raw S-N curves without regarding neither crack initiation mechanism nor critical defect size (Figure 6), the covariance Std/Sd of all of the corrected Smax-Nf are lower than 10%, compared with a covariance up to 16% for raw Smax-Nf curves.

For machined specimens, it can be seen in Figure 14a that no significant statistical size effect is observed when the surface LoF pores govern the fatigue crack initiation. In fact, the fatigue strength is similar between the standard size and the small size specimens. However, for LoF pores in the bulk (Figure 14b), a slight effect can be seen. For mechanisms related to gas pores (Figure 14c, Figure 14d), no clear difference can be observed between the standard and small specimens. This observation can be explained by the similar pore size distributions between the standard and small specimens as shown in Figure 11. From this analysis, it can be concluded that the size effect observed for the machined specimens (Figure 6) cannot be clearly explained by analysing the critical pore size. A more detailed discussion is proposed in Section 4.

Thanks to the estimated fatigue strength at 2 × 10 6 cycles, the Kitagawa-Tagahashi diagram for average defect sizes and mean fatigue strength can be drawn as shown in Figure 16. The horizontal fatigue limit at 2 × 10 6 cycles is estimated to be 700 MPa from the literature [START_REF] Greitemeier | Fatigue performance of additive manufactured TiAl6v4 using electron and laser beam melting[END_REF][START_REF] Hrabe | Fatigue properties of a titanium alloy (ti6al4v) fabricated via electron beam melting (ebm): Effects of internal defects and residual stress[END_REF][START_REF] Shui | Effects of post-processing on cyclic fatigue response of a titanium alloy additively manufactured by electron beam melting[END_REF] for the AM Ti-6Al-4V alloy with a Hot Isostatic Pressing (HIP) treatment. For the LEFM prediction, a value of the stress intensity factor threshold ∆K th = 3.9 MPa √ m is used. This value is found in the work of Leuders et al. [START_REF] Leuders | On the fatigue properties of metals manufactured by selective laser melting -the role of ductility[END_REF] and corresponds to the SLM Ti-6Al-4V alloy fabricated in the 90 • building direction and a post HIP treatment. The Kitagawa-Takahashi diagram shows that, for the machined specimens, the difference between surface LoF Pores and internal LoF pores is LoF pores in bulk defects, the Murakami approach predicts a factor of 1.1 between the fatigue limits of internal and surface defects while in the present work, a factor of 1.44 is observed. This result is in good agreement with the work of Andreau et al. [START_REF] Andreau | A competition between the contour and hatching zones on the high cycle fatigue behaviour of a 316l stainless steel: Analyzed using x-ray computed tomography[END_REF] which showed, for a SLM 316L alloy having a polished contour, that internal defects must have a size of 4 to 10 times greater than surface defects to become critical in fatigue. A lower crack growth rate from internal defects compared to surface defects, as shown in the work of Junet el al. [START_REF] Junet | Fabrication of artificial defects to study internal fatigue crack propagation in metals[END_REF] for Ti-6Al-4V alloy or in the work of Serrano- [START_REF] Serrano-Munoz | Influence of surface and internal casting defects on the fatigue behaviour of a357-t6 cast aluminium alloy[END_REF] for a cast aluminium alloy, also contributes to a higher fatigue strength for the internal LoF pore related mechanism. It can also be stated that the classical LEFM approach with a value of ∆K th = 3.9 MPa √ m under-estimates the fatigue strength related to the surface LoF pores mechanism for machined specimens. For as built specimens, the prediction seems better.

Gas pores in bulk

However, it must be kept in mind that the effect of several factors such as the interaction with the surface roughness or the effect of the sub-surface layer is not fully understood. Concerning gas pores, the difference between surface and internal pores seems less pronounced.

Mechanism

Also, the exponent identified in the S-N analysis, s , is close to zero. This implies that the effect of the gas pore size, in the range of 30 µm to 50 µm of √ area, on the fatigue behaviour is not significant. In fact, comparison with HIPed Ti-6Al-4V alloys shows that the size of gas pores is probably located on the horizontal region of the Kitagawa-Takahashi diagram in which the pore size does not have an impact on the fatigue strength. Even though these defects can be found at the origin of crack initiations, their size is not large enough to significantly reduce the fatigue strength.

For the as-built specimens, it can be seen (Figure 15) again that the fatigue strength at 2 × 10 6 cycles related to the LoF pores at the surface is similar to the fatigue strength associated to the surface roughness. As mentioned earlier, in order to precisely characterise the effect of the as-built surface on the fatigue strength, the comparison between the S-N curves including only specimens with crack initiation from surface LoF pores is shown in Figure 17. Regarding the corrected S-N curves, the same correction factors (Equation ( 3)) are used for the machined and the as-built specimens. It can be seen that for the same critical pore size, the fatigue strength at 2 × 10 6 cycles for the as-built specimens is approximately 30% lower than for the machined specimens (290 MPa vs 407 MPa). For higher stress levels with a life less than 10 5 cycles, the difference attenuates.

As discussed earlier, the coarse alpha lathes of the sub-surface microstructural layer (shown in Section 1.2) may be one possible explanation for this difference since it is widely known that a coarse microstructure can reduce the fatigue strength of metallic materials. Also, the higher micro-hardness of the sub-surface microstructural (Table 3) layer may be related to greater brittleness of the layer and hence, with the presence of pores, a decrease in the fatigue strength. It is also possible that the interaction between surface pores and the roughness could facilitate crack initiation from pores. In order to clearly identify the origin of the effect of the as-built surface, further experimental investigations should to be done. It was seen earlier in Figure 6 that, for the machined specimens, if the S-N curves are presented without making the distinction between the different crack initiation mechanisms, the fatigue strength at 2 × 10 6 cycles of the small size specimens is higher than the standard size specimens (700 MPa vs 500 MPa). On the contrary, the analysis of S-N curves separately for each crack initiation mechanism in Section 3.3 showed no or very slight size effect due to the similar critical pore size distributions of the standard and small specimens, as shown in Section 2.2. Therefore, it can be concluded that the observed size effect between the standard and small specimens can not be explained by the analysis of critical pore size distributions in this work. In order to better understand the origin of the observed size effect, the probability of occurrence of each crack initiation mechanism is calculated from Table 4 and shown in Figure 18. The total volume indicated in Figure 18b corresponds to the V 80% volume (i.e. the highly loaded volume in which the minimum stress is equal to the 80% of the highest stress in the whole specimen) under uniaxial tension loads.

It can be seen that for the machined specimens, the probability of occurrence of LoF pores is higher for the standard size specimens than for the small size specimens. The probability of occurrence of gas pores is greater for the small size specimens. Because the fatigue strength related to gas pore mechanisms is much higher than for the LoF pore mechanisms, it can be concluded that the size effect observed for the machined specimens is linked principally to the change of the crack initiation mechanism and not to the change of the critical pore size.

For the as-built specimens, a change of crack initiation mechanisms can also be seen in Fig-

ure [START_REF] Kasperovich | Improvement of fatigue resistance and ductility of TiAl6v4 processed by selective laser melting[END_REF]. The probability of occurrence of LoF pores for the standard specimens is much higher than for the small specimens, and inversely, the probability of failure from surface roughness is higher for the small specimens. However, because of the similar fatigue strengths relative to these two crack initiation mechanisms as shown in Section 3.3, the size effect is much less pronounced for as-built specimens. 

A first step towards modelling the statistical size effect

It was shown in the previous section that the size effect observed for machined specimens is governed principally by the change of the crack initiation mechanisms, from the LoF pore related mechanism to the gas pore related mechanism. Because the LoF pores are the most critical defects, regardless their spatial position (at the surface or in the bulk), it can be concluded the size effect observed in this work can be linked to the presence or not of the LoF pore in the loaded volume. probability of the absence of LoF in volume V pore is given by:

P nLoF = e -λV (8) 
Now, the loaded volume V and the surface volume V sub must be defined. In general, crack initiation occurs in the highly loaded volume in which the minimal stress is higher than 80% of maximum stress [START_REF] Khoukhi | Experimental investigation of the size effect in high cycle fatigue: Role of the defect population in cast aluminium alloys[END_REF][START_REF] Osmond | Effect of porosity on the fatigue strength of cast aluminium alloys: from the specimen to the structure[END_REF], or the so-called V 80% volume. For the sub-surface volume, V sub , the volume of a surface annular ring can be used, as proposed in the work of [START_REF] Khoukhi | Experimental investigation of the size effect in high cycle fatigue: Role of the defect population in cast aluminium alloys[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 micro-tomography[END_REF]. The thickness of the annular sub-volume is assumed to be the maximum feret diameter of LoF pores measured on the failure surfaces (500 µm in the present work) so that all of the surface LoF pores at the crack initiation site are located entirely in the annular sub-volume.

Identification of the LoF pore density

The volumetric pore density of LoF pores, λ, is characterised by the number of pores per mm 3 .

This pore density can be measured by X-ray micro-tomography on a sufficiently large sample sizes that has not be done in the present work. It is to note that the tomography observation shown in Figure 4 was realized on a very small sample. This observation is only for visualisation purpose but not large enough for statistical analysis. Regarding the pore densities characterised on polished samples in Section 1.2 for surface density (i.e. number of pores per mm 2 ), it needs to be extrapolated to the volumetric density. Even though some extrapolation methodologies found in the literature such as the classical Murakami methodology [START_REF] Murakami | Effects of small defects and nonmetallic inclusions[END_REF] have been tried, no relevant methodology was found for the material under investigation. Hence, instead of using experimental measurements, an inverse method is used to determine the critical LoF pore density as follows.

The probabilities of occurrence of LoF pores on the surface, P sur f , of LoF pores in the bulk, P int , or of no LoF pores in the volume, P nLoF , are calculated for a large range of LoF pore densities. The probabilities of occurrence of critical LoF pores on the failure surfaces are then used to identify the pore density, as shown in Figure 19.

It can be seen that, by increasing the LoF pore density, the P sur f increases while the P int and P nLoF decrease. By comparison with the experimental data (circular dots), i.e. the probability of occurrence at the crack initiation sites of each mechanism calculated from Table 4, the critical LoF small size specimens pore densities, λ, can be estimated to be between 1 × 10 -3 and 2 × 10 -3 pores/mm 3 for the standard size specimens. For small size specimen data, the critical LoF pore density is between 3 × 10 -3 and 7 × 10 -3 pores/mm 3 . However, it must be kept in mind that this estimation does not take into account the probabilistic aspect of the experimental data due to the limited number of specimens.

Useful tools for process qualification and fatigue design

It can be seen in Figure 19a that the maximum allowed LoF pore density is approximately 4 × 10 -4 pores/mm 3 to obtain a probability of occurrence of surface LoF pores lower than 10% for standard size specimens (with a V sub = 474 mm 3 ). For small size specimens (Figure 19b) with a V sub = 72 mm 3 , the maximum allowed LoF pore density is approximately 2 × 10 -3 pores/mm 3 . This way of analysis can be useful in the qualification phase of the fabrication process concerns the allowed LoF pore density to guarantee the quality of manufactured components.

Another interesting analysis is the evolution of the probability of occurrence of surface LoF pores versus the sub-surface volume shown in Figure 20 for a LoF pore density range of 1 × 10 -3 to 7 × 10 -3 pores/mm 3 . It can be seen that, by increasing the volume, the occurrence probabil- ity of LoF pores increases rapidly. For this range of LoF pore density, the maximum size of the sub-surface volume in the loaded zone (i.e. the critical volumes) must not be greater than approximately 15 mm 3 so that the probability of occurrence of surface LoF pore in this zone is lower than 10%.

In short, the proposed probabilistic approach gives an effective methodology to estimate the probability of occurrence of LoF pores in a given volume. However, it must be kept in mind that the spatial distribution and the volumetric pore density of the LoF pores are two important inputs that must be known in this approach.

Conclusion

This paper deals with the scatter and the statistical scale/size effect of the fatigue behaviour of a SLM Ti-6Al-4V alloy. An experimental campaign was conducted on four specimen configurations with two specimen volumes (standard size and small size) and two surface conditions (as-built and machined). Numerous analyses, including an S-N curve analysis taking into account the defect size and the Kitagawa-Takahashi diagram, have been done to understand the origin of the size effect and the fatigue scatter that were observed. The principal results are as follow:

For the machined specimens:

• The presence of several fatigue crack initiation mechanisms with very different fatigue behaviours is the origin of the high scatter in the S-N data. The fatigue behaviour depends not only on the defect type (LoF pores or gas pores) but also on the spatial position of the defect (at the surface or in the bulk). The effect of the spatial position is particularly pronounced for the LoF pores. The classical Murakami approach cannot adequately predict this effect.

• The size effect observed for the machined specimens can also be explained by the variety of the crack initiation mechanisms. When analysing the mechanisms separately, only a very slight or no effect was observed because the sizes of LoF pores or the gas pores are the same for both investigated specimen volumes. The size effect is linked principally to the change of mechanism. In other words, the probability of occurrence of LoF pores and/or Gas pores in a given volume changes with a change in loaded volume.

For the as-built specimens:

• Compared to the machined specimens, the scatter in the S-N data and the size effect for the as-built specimens are greatly reduced. Despite the presence of two different crack initiation mechanisms, the similar fatigue behaviour for these mechanisms results in less scatter and and a lower size effect.

• The fatigue behaviour related to the surface LoF pores was compared between the machined surface and the as-built surface conditions. It was shown that for a similar LoF pore size, the fatigue strength of the as-built specimens is 30% lower than that of the machined specimens. This implies that other factors, such as the sub-surface microstructure or the surface roughness may play a non-negligible role on the fatigue behaviour.

In the final part of this article, the size effect was modelled by considering the probability of occurrence of LoF pores in a given volume. The proposed model leads to useful tools that can be used in the qualification of the AM fabrication process or in the fatigue design of components.
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 1 Figure 1: Two fatigue specimen geometries
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 2 Figure 2: Two (in a total of four) fabricated batches of specimens
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 3 Figure 3: Microstructure of machined specimens (a) in a plane parallel to the build direction and (b) in a plane perpendicular to the building direction; (c) and (d): the microstructure close to the surface of as-built specimens in a perpendicular plane
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 45 Figure 4: (a) A gas pore and (b) a LoF pore observed by X-ray micro-tomography
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 6 Figure 6: Wöhler curves for (a) standard size machined specimens, (b) small size machined specimens and (c) comparison with data from the literature. The bands for wrought and cast Ti-6Al-4V are from [20] "Titanium: a technical guide"
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 7 Figure 7: Wöhler curves for (a) as-built standard size specimens, (b) as-built small size specimens and (c) comparison
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 8 Figure 8: Comparison between the Wöhler curves for the machined specimens and the As-built specimens for (a) standard size specimens and (b) small size specimens
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 910 Figure 9: The four defect types observed in the machined specimens at the crack initiation sites: (a) LoF pore at the surface, (b) LoF pore in the bulk, (c) Gas pore at the surface, (d) Gas pore in the bulk
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 11 Figure 11: Distributions of the critical pore size measured at the crack initiation sites in a linearized Gumbel space
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 1212 Figure12shows the S-N data for the machined specimens, in which the different crack initiation mechanisms are highlighted. The different initiation mechanisms can be ranked qualitatively
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 13 Figure 13: Correlation between the fatigue strength and the fatigue damage mechanisms of the As-built specimens.

  µm) (a) LoF pores on surface-Corrected Smax = S max × ( √ area/150) 0.11

  LoF pores in bulk-Corrected Smax = S max × ( √ area/150) 0.12
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 14 Figure 14: Uncorrected and Corrected S-N curves of machined specimens for the crack initiation mechanism related to: (a) LoF pores on surface; (b) LoF pores in bulk

  Figure 14: (Continued) Uncorrected and Corrected S-N curves of machined specimens for the crack initiation mechanism related to: (c) Gas pores on surface; (d) Gas pores in bulk

11 RoughnessFigure 15 :

 1115 Figure 15: (a) Uncorrected and Corrected S-N curves of as-built specimens for the crack initiation mechanism related to LoF pores on surface; (b) Uncorrected S-N curves of as-built specimens for the crack initiation related to surface roughness
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 16 Figure 16: Kitagawa-Takahashi diagram at N f = 2 × 10 6 cycles
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 17 Figure 17: Uncorrected and Corrected S-N curves of machined and as-built specimens for the crack initiation mechanism related to the LoF pores on surface. Corrected Smax = S max × ( √ area/150) 0.11
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 4 Discussion of the statistical scale/size effect 4.1. Origin of the size effect
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 18 Figure 18: Effect of the loaded volume on the probability of occurrence of crack initiation mechanisms

Figure 19 :

 19 Figure 19: Evolution of the probabilities of occurrence of LoF pores as a function of the LoF pore density and correlation with the experimental data determined on the fatigue surfaces for (a) standard size specimens and (b)

Figure 20 :

 20 Figure 20: Correlation between the sub-surface volume and the probability of occurrence of surface LoF pores

Table 2 :

 2 Four specimen configurations and associated number of specimens 1.2. Microstructure, surface roughness and tensile properties

Table 3 :

 3 Tensile properties, surface roughness and micro-hardness of the investigated materials

Table 4 :

 4 A summary of the number of specimens in which the different crack initiation mechanisms were observed for the different specimen types and sizes probability of occurrence of surface LoF pores is between 37% and 85%. For the as-built specimens, neither gas pores nor internal LoF pores were observed at the crack initiation sites. Another

	Standard size machined	10	8	2	0	0
	Small size machined	7	5	4	3	0
	Standard size As-built	12	0	0	0	2
	Small size As-built	7	0	0	0	8

summary of the crack initiation mechanisms observed in all of the batches is given in Table 4. It can be seen that crack initiation from LoF pores at surface is the most likely to occur. The

Geometry

LoF pore LoF pore Gas pore Gas pore Roughness on surface in bulk on surface in bulk interesting observation that can be made is that the probability of occurrence of LoF pores at the 14

Table 5 :

 5 The mean value and standard deviation of the size of the critical pores observed at the crack initiation sites expressed in terms of their √ area

	Configuration	LoF Pore size	Gas Pore size
		Mean (Std) [µm] Mean (Std) [µm]
	Standard size-Machined	149 (89)	41 (9)
	Small size-Machined	156 (75)	31 (6)
	Standard size-As-built	160 (45)	-
	Small size-As-built	140 (55)	-

Table 6 :

 6 Identified parameters for Equation (4) and the fatigue strength at 2 × 10 6 cycles corresponding to each mechanism. (*: Estimated value without MLE optimisation)

			Corrected Smax	m	C	S 0 Fatigue strength (corrected Smax)
			formula			at 2 × 10 6 cycles
							Mean (MPa)	Std (MPa)
	Machined -LoF on surface S max × Machined -LoF in bulk S max × Machined -Gas on surface S max × Machined -Gas in bulk S max × As-built -LoF on surface S max ×	√ 150 area √ area 150 √ area 30 √ area 30 √ area 150	0.11 0.12 0 0 0.11	-1.6 -0.95 6.6 587 8.2 391 -0.79 6.3 676 N/A N/A N/A -0.9 6.7 288	407 589 677 732* 290	36 55 19 N/A 18.8
	As-built -Roughness	Raw S max		-1.33 7.6 295	304	21.4
					Gas pore
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From this point of view, the aim of this section is to propose a probabilistic approach to predict the probability of occurrence of critical LoF pores in a given loaded volume. The pore size distribution is, for this very first step, excluded in the modelling approach. The only input necessary in the model is the average LoF pore density, λ (i.e. the number of pores per mm 3 ). It is important to note that this pore density corresponds to the critical LoF that can decrease the fatigue strength.

From the Kitagawa-Takahashi shown in Figure 16, the estimated minimum size of critical LoF pore is approximately of 30 µm. Hence the pores with size smaller than 30 µm should not be taken into account.

Modelling framework

The approach is based on the work of Chandran [START_REF] Chandran | Duality of fatigue failures of materials caused by poisson defect statistics of competing failure modes[END_REF]. By assuming that the spatial distribution of the LoF pores is a completely random process, the probability of occurrence of a number (n) of defects in an arbitrary volume V follows the Poisson distribution. The probability is given by:

Whether a specimen will fail by a surface LoF pore or an internal LoF pore is decided based on the following premise: (1) if there is at least one LoF pore in volume V with no LoF Pore in sub-surface volume V sub , then the specimen fails due to the internal LoF pore; (2) If there is at least one LoF pore on surface, then the specimen fails due to the surface LoF pore.

Firstly, the probability of occurrence of crack initiation from internal LoF pores (premise (1)), P int , is the conditional probability that one or more LoF pore will occur in volume V with no such defect present in V sub :

The probability of fatigue failure due to a surface LoF pore is given by:

If no LoF is present in the loaded volume, then the specimen can fail due to the gas pores. The