Driss El Khoukhi 
email: driss.el-khoukhi@ensam.eu
  
Franck Morel 
  
Nicolas Saintier 
  
Daniel Bellett 
  
Pierre Osmond 
  
Viet- Duc Le 
  
Jérôme Adrien 
  
  
Experimental investigation of the size effect in High Cycle Fatigue: role of the defect population in cast aluminium alloys

Keywords: HCF, size effect, microstructural heterogeneities, cast aluminium alloys, fatigue scatter

Cast Al-Si alloys have been widely used in automotive applications with regard to their low density and excellent thermal conductivity. Many components made of these alloys are subjected to cyclic loads which can lead to fatigue failure. Furthermore, for these materials the well know size effect in fatigue, whereby the fatigue strength is reduced when the size is increased, can be significant and need to be properly evaluated. This paper analyses the role of casting defects on the fatigue strength's size effect sensitivity. A uniaxial fatigue testing campaign (R=0.1) has been conducted using two cast aluminium alloys, fabricated by different casting processes (gravity die casting and lost foam casting), associated with the T7 heat treatment, and with different degrees of porosity. The fatigue response of different specimens (smooth and notched) with different stressed volumes has been investigated. The first part of this article is dedicated to the experimental characterization of the size effect in both alloys via the concept of the Highly Stressed Volume. The second part investigates the effect of the Highly Stressed Volume on the critical defect size via Kitagawa-Takahashi diagrams. The results show that the magnitude of the size effect and the experimental scatter are strongly linked to the characteristics of the defect population present in the alloy. It is revealed that the alloy B, with a high density of pore and a population of defects with relatively large size, shows non-significant size effect and less scatter in fatigue strength. In comparison, alloy A that exhibits a low density of pore and a population of defects of relatively small size manifests significant size effect and high scatter in fatigue strength.

Introduction 1.1 Context, introduction and objectives

The fatigue data transferability from laboratory specimens to real components or structures is very often difficult to handle because of the high number of parameters potentially affecting the fatigue strength. Besides the loading mode, the microstructural heterogeneities, the stress gradient and the size of the loaded volume can show significant effects on the fatigue strength.

In particular, it is generally accepted that the fatigue strength of certain materials decreases with an increase in the volume [START_REF] Kelly | Effect of Specimen Size and Preparation on the Fatigue Strength of a Plain Carbon Steel Tested in Rotating Bending and in Torsion[END_REF][START_REF] Carpinteri | Size effect in S-N curves: A fractal approach to finite-life fatigue strength[END_REF]. This is referred to as either the "volume effect", the "size effect" or the "scale effect" and is often simply explained by an increase in the probability of encountering a large material defect in the fatigue active volume. The effect is influenced by factors related to the distribution of defects in the material and the impact of the manufacturing process on the homogeneity of the material.

Even though the experimental observations of the size and the gradient effects concern the macroscopic fatigue response, a few studies [START_REF] Flaceliere | Probabilistic approach in high-cycle multiaxial fatigue: volume and surface effects[END_REF][START_REF] Saintier | Non-local energy based fatigue life calculation method under multiaxial variable amplitude loadings[END_REF][START_REF] Banvillet | A volumetric energy based high cycle multiaxial fatigue citerion[END_REF][START_REF] Hidalgo | Fatigue life estimation of cast aluminium alloys considering the effect of porosity on initiation and propagation phases[END_REF] try to show how microscopic features like microroughness or microdefects can affect the global stress gradient and size effects. The idea is, from some statistical distributions of surface or volume defects, to derive the macroscopic fatigue strength distribution. When doing so, three main difficulties arise. First, the mechanisms of crack initiation must be known to identify which of the microstructural features are responsible for fatigue damage and hence which statistics must be described. The task is all the more tough when several damage mechanisms are active [START_REF] Tenkamp | Defect-correlated fatigue assessment of A356-T6 aluminum cast alloy using computed tomography based Kitagawa-Takahashi diagrams[END_REF][START_REF] Ammar | Effect of casting imperfections on the fatigue life of 319-F and A356-T6 Al-Si casting alloys[END_REF]. Second, the experimental description of the statistics must be carried out by using a relevant representative volume. The question is here to know what is the minimum size of the fatigue representative volume (FRV) and how this FRV is affected by the microstructure features distribution. Third, when the main fatigue damage mechanisms have been identified, the relation between the microstructural heterogeneities characteristics (size, shape …) and the fatigue strength levels must be estimated. The Kitagawa diagram is for instance largely used in fatigue to relate the fatigue strength to the defect size.

The work presented in this paper aims at getting a better understanding of how the highly stressed volume and the defect population affect the macroscopic fatigue response. It focuses on cast Al-Si alloys, widely used in the automotive industry. In order to manufacture engine components, the Groupe PSA indeed uses two foundry processes that result in components containing Microstructural Heterogeneities (MH), principally shrinkage pores and oxides, with different characteristics (size, shape and spatial distributions). These components are subjected to cyclic mechanical loads (in the High Cycle Fatigue regime) that can result in the appearance of cracks and thus lead to the failure of the structure. The effect of the MH on the fatigue behaviour has been well documented in references [13, 16 -19].
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A typical engineering design practice [START_REF] Jan | Prediction of the low cycle fatigue regime of the S-N curve with application to an aluminium alloy[END_REF] involves the identification of a fatigue criterion, used to size and validate real components, based on tests carried out on laboratory sized specimens, generally under simple loading modes (e.g. tension, bending, and torsion). However, real component loading conditions are often different to those applied to laboratory test specimens, particularly in terms of the size of the critical zone (i.e. size effect) and the homogeneity of the stress state in this zone (i.e. stress gradient effect). Hence, the industrial objective of this work is to develop predictive tools to ensure the passage from an elementary volume to the structure, taking in account the size effect and the stress gradient effect. In this work, the effect of microstructural heterogeneities, principally shrinkage porosity and oxides, on the statistical size effect in cast Al-Si alloys is investigated.

An example of fatigue design approach taking account the size effect is the Highly Stressed Volume (HSV) approach who was first introduced by Kuguel [START_REF] Kuguel | A relation between theoretical stress concentration factor and fatigue notch factor deduced from the concept of highly stressed volume[END_REF] in 1961, and then employed by Sonsino and Fischer [START_REF] Sonsino | Local Assessment Concepts for the Structural Durability of Complex Loaded Components[END_REF], and Lin and Lee [START_REF] Lin | Effects of highly stressed volume on fatigue strength of austempered ductile irons[END_REF]. The terminology Vn% is used to define the volume of material that is subjected to at least n% of maximum principal stress (σn%=n%×σmax). This volume of material is assumed to have an increased probability of fatigue crack initiation. The percent is assumed to be 95% by Kuguel [START_REF] Kuguel | A relation between theoretical stress concentration factor and fatigue notch factor deduced from the concept of highly stressed volume[END_REF] and 90% by Sonsino and Fisher [START_REF] Sonsino | Local Assessment Concepts for the Structural Durability of Complex Loaded Components[END_REF]. The concept has been verified for metallic components with good success using the V90% volume [START_REF] Menan | The Stress-Strength Interference Method Applied to Fatigue Design: The Independence of the Random Variables[END_REF]. For short-fiber reinforced specimens and components, a value of V80% proved to be more appropriate than V90% [START_REF] Sonsino | Fatigue design of highly loaded short-glass-fibre reinforced polyamide parts in engine compartments[END_REF]. The effect of HSV on the fatigue behaviour has been well documented in references [START_REF] Kuguel | A relation between theoretical stress concentration factor and fatigue notch factor deduced from the concept of highly stressed volume[END_REF][START_REF] Sonsino | Local Assessment Concepts for the Structural Durability of Complex Loaded Components[END_REF][START_REF] Lin | Effects of highly stressed volume on fatigue strength of austempered ductile irons[END_REF].

Due to its significance in structural reliability, certain design standards require the size effect to be taken into consideration. As an example, for the design fatigue curves of the ASME B&PV Code [START_REF] Kuguel | A relation between theoretical stress concentration factor and fatigue notch factor deduced from the concept of highly stressed volume[END_REF][START_REF] Sonsino | Local Assessment Concepts for the Structural Durability of Complex Loaded Components[END_REF][START_REF] Lin | Effects of highly stressed volume on fatigue strength of austempered ductile irons[END_REF], the factors of 2 (stress) and 20 (cycles) are adjustment factors applied to the small-specimen data to obtain reasonable estimates of the lives of actual reactor components. These factors were intended to account for data scatter (including material variability) and differences in surface condition and size between the test specimens and actual components.

Two Al-Si alloys with different porosity distributions are chosen in order to understand how the characteristics of the defect populations affect the statistical size effect. Computed Tomography analyses are conducted in order to characterize the porosity in terms of size, shape and spatial distributions in these alloys. Different specimen shapes, including both smooth and notched specimens are machined from these alloys, in order to obtain geometries with different Highly Stressed Volumes. High cycle fatigue tests are conducted to investigate the size effect on the fatigue strength using the HSV concept. Finally, fractographic analyses are conducted to investigate the relationship between the critical defects and the fatigue strength via the Kitagawa-Takahashi diagram. Statistical analyses of fatigue data are also presented.

It is important to stress that 140 samples have been tested in order to get a good approximation of the statistical distribution with a high level of confidence.

Materials and experimental conditions

Mechanical and Material Properties

To study the influence of casting defects on the statistical size effect, two primary cast aluminium alloys, referred to as alloys A [AlSi7Cu05Mg03-T7] and B [AlSi7Mg03-T7], have been used (see Figure 1). These alloys were fabricated by different casting processes (alloy A: gravity die-casting and Alloy B: lost foam casting), and subject to the T7 heat treatment. These processes result in different porosity populations (i.e. volume fraction, defect size…) and different mechanical properties [see table 1 and table 2]. Previous works concerning the characterization of these materials have been done by Le [START_REF] Le | Multiaxial high cycle fatigue damage mechanisms associated with the different microstructural heterogeneities of cast aluminium alloys[END_REF] and Koutiri [START_REF] Koutiri | High cycle fatigue damage mechanisms in cast aluminium subject to complex loads[END_REF]. Table 1 summarizes the mechanical and microstructural properties of these alloys [START_REF] Ammar | Effect of casting imperfections on the fatigue life of 319-F and A356-T6 Al-Si casting alloys[END_REF][START_REF] Chantier | A probabilistic approach to predict the very high-cycle fatigue behaviour of spheroidal graphite cast iron structures[END_REF]. From Table 1, we conclude that the materials do not show a large difference in terms of micro-hardness, yield stress, ultimate strength and Young Modulus. Nevertheless, in terms of the SDAS parameter and Elongation, a significant difference is observed. However, it is well known that the uniaxial fatigue resistance in the HCF regime is mainly controlled by the defect size [13, 16, 28 -30]. Therefore, in this work, it is assumed that the SDAS and Elongation are not the main parameters controlling the fatigue response. In order to characterize the defect size distribution in these alloys, Computed-Tomography (CT) analyses were undertaken. CT scans were done by the MATEIS laboratory at INSA Lyon with resolution of 8 µm/voxel. The AVIZO software was then used in order to analyse the raw data. The alloys were characterised in terms of size and shape distributions of their micro-shrinkage porosity. Also, the distance between each individual pore was determined. An inspection volume of 363 mm 3 was used. Figure 2 illustrates the defect population as imaged by microtomography on two notched fatigue specimens (see section 2. 4 for more details on specimen geometry).
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Porosity Analyses
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It can be clearly seen that alloy B has considerably higher density of large pores when compared to alloy A.

With the CT scans, only pores in the scanned volume can be observed. However, oxides are also potential sites of crack initiation. Nevertheless, as the experimental results show, the dominant mechanism of failure is the one that starts from a pore. Therefore, to understand the effect of microstructural heterogeneities on the fatigue size effect, it seems sufficient to understand the effect of the porosity on the fatigue size effect.

Figure 3 shows the defect size distributions for the two alloys in terms of the equivalent Murakami parameter [START_REF] Murakami | Metal Fatigue: Effects of Small Defects and Nonmetallic Inclusions[END_REF], of the defect. The relationship between pore volume obtained by tomography and its equivalent 𝐴𝑟𝑒𝑎 𝑒𝑞 square root of the projected area is given in Eq. 1. This relationship is obtained by assuming a spherical pore shape.

(1)

𝐴𝑟𝑒𝑎 𝑒𝑞 = 𝜋 1/6 ( 3𝑉 4 ) 1/3
The use of this approximation makes it possible to compare the sizes obtained by the CT scans and those measured on the fatigue failure surfaces. In order to characterize the shape of the defects, the sphericity parameter is defined in equation Eq. 2.

(

) 𝑆 = 𝜋 1/3 (6𝑉) 2/3 𝐴 2 
where A is the surface area of the pore and V is the pore volume. This parameter compares the shape of a pore to a sphere. Only the perfect sphere will have a sphericity of 1. Figure 4 shows the relationship between pore size and sphericity for both alloys. It can be seen that the largest pores have the lowest sphericity and a complex shape. This tendency has also been observed in the previous works [START_REF] Ammar | Effect of casting imperfections on the fatigue life of 319-F and A356-T6 Al-Si casting alloys[END_REF][START_REF] Ai | Probabilistic modeling of fatigue life distribution and size effect of components with random defects[END_REF][START_REF] Zhu | Evaluation of size effect on strain-controlled fatigue behavior of a quench and tempered rotor steel: Experimental and numerical study[END_REF]. According to Buffiere classification [START_REF] Ai | Probabilistic modeling of fatigue life distribution and size effect of components with random defects[END_REF][START_REF] Zhu | Evaluation of size effect on strain-controlled fatigue behavior of a quench and tempered rotor steel: Experimental and numerical study[END_REF], this repartition tend to indicate the presence of shrinkage porosity and gas pores. This last type of pores seems especially present in the alloy B.

In order to characterize the spatial distribution of the pores in the scanned volume, the data obtained from CT scans were used to evaluate the distance to its nearest neighbor is established using the fact that the distance between the centers of mass of two pores P and Q, with Cartesian coordinates respectively (p1, p2, p3) and (q1, q2, q3), is:
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The nearest-neighbor distribution is the distribution of distances from each pore P to its nearest neighbor in the scanned volume. The nearest neighbor distance is defined by Eq. 4 (see [START_REF] Schlömer | Farthest-point optimized point sets with maximized minimum distance[END_REF], [START_REF] Garb | Statistical analysis of micropore size distributions in Al-Si castings evaluated by X-ray computed tomography[END_REF] for more details). ( 4)

𝑑 𝑃 = min 𝑄 ∈ 𝑋\{𝑃} 𝑑 𝑇 (𝑃,𝑄)
Where X is the scanned volume. The characteristics of this distribution are summarized in Table 2 where the coefficient of variation is defined as the ratio of the standard deviation to the mean. Table 2 shows that the alloys have different characteristics in terms of size, shape and nearest-neighbor distance.

We can summarized the data contained in the table as follows:

-Defects size : o The mean of the defects size contained in ally B is 1.5 times higher than the mean of those contained in alloy A. o Either the coefficient of variation and the standard deviation for alloy A are lower than for the alloy B -Nearest-neighbor distance :

o The mean of the nearest-neighbor distribution for alloy A is two times higher than the mean of the alloy B. o The coefficients of variation of the nearest neighbor distributions of these alloys are almost the same. -Defect shape :

o The alloy A presents more regular shaped pores compared to those in the alloy B. The characteristics of the defect size and nearest-neighbor distributions is likely to control the magnitude of size effect and scatter in these alloys.

Experimental conditions of the fatigue tests

All fatigue tests were performed under uniaxial tensile loads with a stress ratio R = 0.1 using a Rumul Testronic resonant testing machine at approximately 100 Hz. The stopping criterion was a drop in the resonance frequency of 1 Hz, corresponding to the presence of a fatigue crack of approximately 2 mm on surface. All tests were performed at room temperature, in air. The tests were conducted following the staircase method with a maximum life of 2x10 6 cycles. The run-out specimens were retested until failure at higher load levels in order to identify the critical defect that initiates a crack. A step of 5 MPa stress amplitude was used in the staircase procedure.

Specimens geometry
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To study the effect of stressed volume on the fatigue strength of alloys A and B, different fatigue specimen geometries were defined, corresponding to different loaded volumes. These are shown in Figure 5 and are referred to as: "V1-Small Volume", "V2-Reference Volume", "V3-Large Volume" and "VN-Notched specimen".

VN V1 V2 V3

• D = 7 mm 

• d = 5.6 mm • r = 1.2 mm • Kt=1.78 VN COUPE D-D VN-1 V1 V2 V3 • 𝐷 = 7𝑚 𝑚 , • 𝑑 = 5,6𝑚 𝑚 , • 𝑟 = 1,2𝑚 𝑚 • Kt=1.78 VN-1 COUPE D-D

Estimation of the Fatigue Active Volume "FAV"

To illustrate the difference between the four specimen shapes in terms of loaded volume, the concept of the Fatigue Active Volume "FAV" is used in an empirical manner.

In the following sections, the FAV is estimated using the combination of two criteria:  Damage mechanism. In the literature, much works [START_REF] Ammar | Effect of casting imperfections on the fatigue life of 319-F and A356-T6 Al-Si casting alloys[END_REF][START_REF] Le | Multiaxial high cycle fatigue damage mechanisms associated with the different microstructural heterogeneities of cast aluminium alloys[END_REF][START_REF] Sonsino | Fatigue design of highly loaded short-glass-fibre reinforced polyamide parts in engine compartments[END_REF][START_REF] Ai | Probabilistic modelling of notch fatigue and size effect of components using highly stressed volume approach[END_REF][START_REF] Hirano | Study on Consideration of Size Effects on Design Fatigue Curve[END_REF][START_REF] Houria | Influence of casting defect and SDAS on the multiaxial fatigue behaviour of A356-T6 alloy including mean stress effect[END_REF][START_REF] Ben Ahmed | The impact of defect morphology, defect size, and SDAS on the HCF response of A356-T6 alloy[END_REF] have shown that the fatigue failure usually occurs at defect or pores located on the surface or in a sub-surface layer. In the experimental work undertaken in this work, the crack initiation sites are located in a subsurface of 500 µm for alloy A and 650 µm for alloy B. Figure 6 shows a subsurface pore with the depth 't' in the crack initiation zone for alloy B. Figure 7 shows the cumulative distributions distance from the surface for all pores observed in the crack initiation zones in these alloys. value is based on the results for the V1 specimen, which has an hourglass shape (Figure 9). Most of the fatigue cracks in these specimens do not occur in the centre of the specimen where the cross-sectional area is the smallest and the stress is the highest. This is because the cast aluminium materials investigated are defect containing materials. Figure 9 shows the case of a specimen in which the fatigue crack is located approximately 5.82 mm from the middle of the specimen. Figure 8 shows the normalised stress at the crack location as a function of the distance from the centre of the specimen. From this figure, it can be seen that almost all of the specimens have failed at a stress level that is greater than 80% of the maximal stress. The combination of these two criteria is used to define the Highly Stressed Volume corresponding to 0.8𝜎 𝐼𝑚𝑎𝑥 located in a subsurface layer of thickness 500 µm for alloy A and 650 µm for alloy B. In the following section, this definition is referred to as the FAV. For each specimen geometry, an estimation of the Highly Stressed Volume has been done using finite element computation with a linear elastic analysis. Figure 10 shows FAVs identified for each case. The use of the notch for the fatigue specimens VN has been designed to get a very small active volume.
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In the following sections, we will use the estimated FAV A for alloy A and FAV B for alloy B. The FAV corresponding to each specimen shape, as well as stress concentration factors and number of specimens tested for each configuration, are presented in Table 3. We point out also that the FAV of the sample V3 for alloy B is not indicated in table 3 since it was not tested for this alloy. The stress concentration factors Kt were estimated as follows:

𝐾 𝑡 = 𝜎 𝑚𝑎𝑥 𝜎 𝑛𝑜𝑚 Where,
being the maximum elastic normal stress in the axial direction at the notch tip, and is the 𝜎 𝑚𝑎𝑥 𝜎 𝑛𝑜𝑚 nominal elastic stress based on the net section. 

Fatigue SN curves and effect of FAV

High cycle Fatigue S-N Curves

High-cycle fatigue tests have been performed on specimens with different geometries taken from two Al-Si cast aluminium alloys. S-N curves have been represented to characterize the statistical size effect in these alloys. For the sake of simplicity, only the results corresponding to the standard volume V2 and the small volume V1 are shown for both alloys. Fig. 10 shows the S-N curves for these volumes: A-V1, A-V2, B-V1 and B-V2. The average S-N curves have been fitted to the experimental data using a power law based on the least square method. From Figure 11, it can be seen that there is:  A large difference between the A-V1 and the A-V2 data. This indicates a significant size effect in alloy A,  For alloy B, the data for B-V1 and B-V2 are almost superimposed. Hence, the size effect is almost negligible for alloy B,  Less scatter in terms of fatigue strength is observed for alloy B data compared to alloy A data,  The mean fatigue resistance for alloy B is lower than that of alloy A. This difference can be associated to the difference in terms of Cu cotenant and the critical defects size between the studied alloys. Work is underway which aims to evaluate the effect of Cu on the fatigue strength.
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From these remarks, it can be concluded that alloy A shows a strong statistical size effect as compared to alloy B, at least for the range of investigated volumes.

Statistical size effect

In order to illustrate the influence of the size effect on the fatigue strength, the product of the nominal stress amplitude and stress concentration factor K t is used. That is, for the notched specimens the local stress 𝜎 𝐷 amplitude at the notch-tip is used. In references [START_REF] Serrano-Munoz | Location, location & size: defects close to surfaces dominate fatigue crack initiation[END_REF][START_REF] Buffière | Experimental study of porosity and its relation to fatigue mechanisms of model Al-Si7-Mg0.3 cast Al alloys[END_REF], it was shown that there is a good correlation between the fatigue strength expressed as and the highly stressed volume. In this work, the correlation will be made 𝐾 𝑡 𝜎 𝐷 in terms of the Fatigue Active Volume. Note that the notched specimens were designed to ensure minimal local plasticity at the notch-tip. At the highest loads experimentally applied for 5 specimens the von Mises stress exceeds the yield strength by 4%. Hence, the effect of cyclic plasticity is considered negligible. Let us also notice that the estimation of the fatigue limit of each specimen is assessed using the following formula proposed in [START_REF] Lanning | On the use of critical distance theories for the prediction of the high cycle fatigue limit stress in notched Ti-6Al-4V[END_REF].

(5)

𝜎 𝐷 = 𝜎 𝑛 -1 + (𝜎 𝑛 -𝜎 𝑛 -1 ) × 𝑁 𝑓 2 × 10 6
where is the interpolated fatigue limit at 2 millions of cycles.

is the stress amplitude level of the block 𝜎 𝐷 𝜎 𝑛 -1 prior to the block where failure occurs. For the specimens that fail at the first level ( ) of stress we supposed 𝜎 𝑛 the existence of a fictive level (

).

is the maximum stress level of the final block of cycles during which 𝜎 𝑛 -1 𝜎 𝑛 failure occurs, and Nf is the number of cycles to failure in the final loading block. The main objective here is to get the fatigue limit of each specimen and not for the whole batch. Figure 12 shows the effect of the fatigue active volume (FAV) on the local fatigue strength amplitude for 𝐾 𝑡 𝜎 𝐷 50% probability of failure for a stress ratio of R=0.1 at 2×10 6 cycles. For both alloys, the local fatigue strength amplitude decreases with increasing FAV, then stabilizes for each alloy at a specific FAV. The notched specimens show the highest strengths in terms of the local stress amplitude.
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Following these observations, it can be concluded that:

-the alloy A has a more pronounced volume effect than alloy B. This is probably due to the characteristics of the defect population (i.e. pore size, distance between large pores, etc.…).

-for alloy A, the fatigue strength stabilizes from a specific volume of 375 mm 3 . This could be considered as the Fatigue Representative Elementary Volume (FREV).

-for alloy B, the fatigue strength stabilizes rapidly at a specific volume of 110 mm 3 , which can be considered as the FREV. Figure 13 shows the same data as Figure 12 but in terms of the nominal stress. It can be seen that for alloy B the presence of the notch in the B-VN specimens dramatically decreases the fatigue resistance as expected. However, for alloy A, the introduction of the notch caused the increase of the fatigue strength of the specimen A-VN compared to the specimen A-V2. This seems to indicate that for alloy A the volume effect is dominant compared to the notch effect. For four notched specimens of alloy B, the fatigue failure surfaces show two initiation sites (Figure 15). This reflects the higher density of large pores in alloy B even with a small Fatigue Active Volume. The size of the critical defects for the batch B-VN is summarized in Table 4. For alloy A, which has a lower pore density, other crack initiation mechanisms were observed such as initiation from oxides, Persistent Sleep Band (PSB) and even the combination of the two mechanisms (see Figure 16, Figure 17 and Figure 18). However, the dominant fatigue damage mechanism is crack initiation and growth from pores. Note that these damage mechanisms are fully consistent with those observed by Le [START_REF] Le | Multiaxial high cycle fatigue damage mechanisms associated with the different microstructural heterogeneities of cast aluminium alloys[END_REF] on specimen V2 under a load ratio R=-1. The statistics of crack initiation sites in these alloys are summarized in Table 5.

A-V1 29 Figure 19 shows the evolution of the critical defect sizes expressed in terms of ( ) as a function of the 𝐴𝑟𝑒𝑎 fatigue active volume for both alloys. The mean value of critical defect size in alloy B are larger than 300 µm. On the other hand, for alloy A, the mean value of critical defect size are less than 210 µm. The two curves show the same tendencies. For a small FAV, the average critical defect size is low. It starts to increase and then stabilizes for a FAV of approximately 110 mm 3 for alloy B and a FAV 375 mm 3 for alloy A. The average of critical defect size is 4 times for the notched specimens A-VN when compared to the stabilized volume. Nevertheless, the alloy B does not show the same level of increase. The difference in the average of critical defect size between the notched specimen B-VN and the stabilized volume is only 50 µm.

The postulate made by Weibull [START_REF] Weibull | The phenomenon of rupture in solids[END_REF], i.e. the size effect is explained by an increase in the probability of encountering a large defect in large volume, seems to apply in alloy A but not in alloy B. The size effect in alloy A is very noticeable in contrast to what happens in alloy B. The following sections give further details on the quantification of the magnitude of size effect in these alloys.

First quantitative approach of size effect

In this section, we aim to quantify the magnitude of size effect present in the studied alloys. The idea is to measure the difference between the means of the batches V1 and V2 in terms of defects and stresses. In statistics, Cohen's d is a parameter that quantifies the difference between the means of two populations divided by their standard deviation as a measure to represent the magnitude of mean difference between them. Cohen [START_REF] Cohen | Statistical power analysis for the behavioral sciences[END_REF] was the first to introduce this parameter. However, its accuracy relies on two assumptions, the Normality of the distribution and the Homogeneity of variances. In practice, two groups of samples do not necessarily have the same standard deviation. Therefore, to correct the assumption on the Homogeneity of variance, Hedges [START_REF] Hedges | Estimation of effect size from a series of independent experiments[END_REF] proposed to use the pooled standard deviation (Eq. 6). Then, the corrected Cohen's d is defined as the difference between two means divided by the pooled standard deviation (Eq. 7). 
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Where, µ 1 and µ 2 are the mean values of the populations.

The pooled standard deviation for the non-equal standard deviation is defined as:

(7) 𝑆 𝑝 = (𝑛 1 -1)𝑠 2 1 + (𝑛 2 -1)𝑠 2 2 𝑛 1 + 𝑛 2 -2
Where n 1 and n 2 are the sizes of the populations and s 1 and s 2 are their standard deviations. In Cohen's terminology, an effect with a small magnitude is an effect that you can see only through a careful study (in terms of number of samples, it takes a relatively large number of samples to reveal it). While, an effect with large magnitude is an effect which is big enough that you may be able to see with the naked eye (otherwise, with a relatively small number of samples you can reveal it). The Table 6 contains descriptors for magnitudes of 'd' from 0.01 to 2.0, as initially suggested by Cohen and expanded by Sawilowsky in 2009 [START_REF] Sawilowsky | New Effect Size Rules of Thumb[END_REF]. Using the experimental data, in the following section we quantify the size effect in terms of defect size and fatigue strength in the studied alloys by calculating the Cohen's d of the two populations of the small volume V1 and the standard V2 [Table 7]. We choose those volumes in order to avoid the notch effect. From these results in Table 8, the Alloy A present a large size effect in terms of defects and fatigue strength. In the other hand, alloy B presents a very small size effect in terms of defects and small size effect in terms of fatigue strength. 

Statistical Analysis of the critical defect and fatigue strength distributions
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The aim of this section is to determine which typical statistical distribution (Lognormal, Weibull or Gumbel) is best suited to model the experimental data (i.e. both the fatigue strength distribution and the critical defect size distribution). Table 9 shows the evaluated probability functions where f is the probability density function (PDF), and F is the cumulative density function (CDF).

In addition, indicates the standard normal cumulative function. 

ɸ(𝑥) = 1 2𝜋 ∫ 𝑥 -∞ 𝑒 - 𝑡 2 2 𝑑𝑡
Log-normal 1 𝜎𝑠 2𝜋 exp ( - (ln(𝜎) -µ) 2 2 𝑠 2 ) ɸ( ln (𝜎) -µ 𝑠 ) Weibull 𝛾 𝛼 ( 𝜎 𝛼 ) 1 -𝛾 𝑒𝑥𝑝 [ -( 𝜎 𝛼 ) 𝛾 ] 1 -𝑒𝑥𝑝 [ -( 𝜎 𝛼 ) 𝛾 ] Gumbel 1 𝛽 𝑒𝑥𝑝 ( -𝜎 -𝜗 𝛽 ) 𝑒𝑥𝑝 [ -𝑒𝑥𝑝 ( -𝜎 -𝜗 𝛽 ) ] 𝑒𝑥𝑝 [ -𝑒𝑥𝑝 ( -𝜎 -𝜗 𝛽 ) ]
where µ is the mean and σ is the Standard deviation of logarithmic values for the lognormal distribution. α is the scale parameter and γ is the shape parameter for the Weibull distribution. υ is the location parameter and β is the scale parameter for Gumbel law.

Statistical tests are also used; the Anderson Darling test (AD) combined with its corresponding P-value and the log-likelihood criterion. The reason for choosing the AD test is that in terms of fatigue we are typically interested in the distributions tails, to which the AD test gives greater importance.

To summarize the use of these criteria: -The best distribution is the one that has the smallest AD value.

-If the corresponding P-value of the AD test is less than , corresponding to the 5% significance level in 𝛼 this case, then the distribution does not show a good-fit to the data.

-The best distribution is the one that has the highest Log-likelihood value. Following these criteria, the distributions have been ranked and then the distribution with the best overall rank is chosen. The overall rank is obtained by summation of the individual ranking. The results are presented in table 10. As shown table 10, the lognormal distribution gives the best approximation for the critical defect size. This conclusion had been made also by YI et al. [START_REF] Yi | Scatter in fatigue life due to effects of porosity in cast A356-T6 aluminum-silicon alloys[END_REF].

Statistics analyses of the defects

Figure 21 shows the experimental data fitted using the lognormal distribution. The parameters of the distribution are obtained using the Maximum Likelihood Estimation method and are summarized in Table 12. 12]. These 𝜇 ≈ 5.8 µm results explain the different sensitivity of alloy A and B fatigue strength to the FAV. In terms of the defect spatial distribution, these results can be explained by the fact that, the largest defects in the alloy A are distributed in a way that when the volume is increased there is a higher probability of finding a large defect. However, for alloy B, the defects are so densely distributed that when increasing the volume of the specimen the probability of finding a large defect does not increase.

Statistics analyses of the fatigue strength

The same procedure was applied to the data obtained for the fatigue strength. Table 11 summarizes the results of the statistical tests. From theses analyses, the lognormal distribution was also chosen as the best distribution for the experimental data in terms of fatigue strength distribution for the different batches. The corresponding parameters are summarized in Table 12. 

Cumulated probability function

In this section, the experimental data are plotted on a lognormal probability scale for the defect size and the fatigue strength distributions :the data should follow a straight line if it conforms to the lognormal distribution [START_REF] Koehler | Goodness-of-Fit Tests Based on P-P Probability Plots AU -Gan, F. F[END_REF]. In general, this approach is based on a linearization of the cumulative probability function of the specific distribution. For the lognormal distribution, the cumulative density function can be written as:

(7) 𝑌 = 𝐴 + 𝐵𝑇 Where and are the variables. 𝑌 = ɸ -1 (𝐹) 𝑇 = ln (𝜎) Figure 22 shows lognormal probability paper resulting from this linearized cumulative probability function. Figure 22 shows the distributions of critical defect sizes in plotted on lognormal probability papers. 𝐴𝑟𝑒𝑎 Firstly, it can be seen that the critical defect sizes show good linearity on the lognormal probability paper. This confirms that the statistical analyses above are correct. Similar results were obtained in [START_REF] Yi | Scatter in fatigue life due to effects of porosity in cast A356-T6 aluminum-silicon alloys[END_REF]. Fig. 19, also shows that, for the three different specimen volumes, the critical defect distribution for alloy B are almost superimposed. This confirms the conclusions from section 3.3. For the case of alloy A, increasing the size of critical volume leads to an increase in the critical defect size, until the A-V2 volume at which the defect size stabilizes.
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To sum up, for alloy A, the large defects are rare [see Figure 2]. Therefore, due to the small number of these defects, large defects are unlikely to be found in small specimens (i.e. small critical defects) but are more likely to be found in large specimens. In contrast, alloy B contains a high number of large defects that leads to almost the same probability of finding a large defect in both volumes (B-V1 and B-V2). Figure 23 shows that the fatigue strength follows a lognormal distribution. Especially the A-V1 and B-V1 data. This is due to the continuous variation in the section of the V1 specimen shape. In addition to the conclusions drawn in the previous section.

A-V1 A-V2 A-V3 B-V1 B-V2 A-VN-1 B-VN-1
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It is very clear thus that the size effect on HCF strength for alloy A is caused by differences in critical defect sizes between different specimens and their spatial distribution. For alloy B, there is an insignificant difference in terms of critical defect sizes between B-V1 and B-V2.

To sum up, the parameters of the distributions of defects in the material (size and spatial distribution) will control the magnitude of the statistical size effect.

 Higher number of large defects and low inter-pores distance leads to non-significant volume effect (case of alloy B): the volume effect is present but has little effect on the observed variables.

 Low number of large defects and relatively large inter-pores distance leads to strong presence of the volume effect which is facilitated by experimental means (case of alloy A).

Kitagawa-Takahashi diagram: defect size effect

In order to link the fatigue strength of the different specimens to the critical defect size, Kitagawa-Takahashi diagrams have been established. The estimation of fatigue strength for each specimen was carried out using the local stress. Results are shown in Figure 24.

In this work, the "hot spot" stress at the notch tip is used as a parameter to compare the different configurations.

Using classical logic, this implies that Kf is considered equal to Kt, where Kt is the elastic stress concentration factor and Kf is the fatigue notch factor, defined as the ratio of the smooth specimen fatigue strength (reference) to the notched specimen fatigue strength. However, the concept of Kf cannot easily be applied in this work because it has been experimentally shown that the plane specimen fatigue strength is a function of the volume (or the size of the smooth specimen). It is well known that Kf is generally inferior to Kt and that this is often contributed to a "notch effect" which is essentially a combination of the size effect the stress gradient effect and the presence of local plasticity. If the plasticity is considered to be negligible than understanding the notch effect corresponds perfectly to the objectives of this work. Moreover, given that 1<kf<kt, and Kt=1.78 is not very large, it is expected that the difference between Kt and Kf will not be large.

Figure 24 shows the Kitagawa-Takahashi diagram in terms of local stress amplitude as a function of the 𝐾 𝑡 𝜎 𝐷 square root of the critical defect size. The points on the graph are the critical defects observed on the fatigue failure surfaces of the tested specimens of the two alloys. Note that, for the notched specimens of alloy B (with multi-site initiation), only the largest defect is shown in Figure 24. 
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From Figure 24, the following conclusions can be made:

i) The fatigue strength of alloy A tends to decrease when the size of the critical defects increases. Same conclusions were made by [START_REF] Hidalgo | Fatigue life estimation of cast aluminium alloys considering the effect of porosity on initiation and propagation phases[END_REF][START_REF] Tenkamp | Defect-correlated fatigue assessment of A356-T6 aluminum cast alloy using computed tomography based Kitagawa-Takahashi diagrams[END_REF][START_REF] Pessard | Microstructural heterogeneities and fatigue anisotropy of forged steels[END_REF][START_REF] Houria | Influence of casting defect and SDAS on the multiaxial fatigue behaviour of A356-T6 alloy including mean stress effect[END_REF]. Note also that the size of the critical defects increases when the critical volume increases. Indeed, the notched specimens (A-VN) with the lowest critical volume (5 mm 3 ) have the smallest defect sizes. By changing to a FAV of 110 mm 3 for the A-V1 specimens then to 375 mm 3 for the A-V2 specimens, the size of the critical defects has a tendency to increase and the fatigue strength drops.

ii) Between specimens of size A-V2 and A-V3, there is almost no difference in the average value of the fatigue strength as shown in Figure 12 and Figure 24. It can be concluded that the fatigue strength has stabilised, most probably due to the saturation in the maximum critical defect size.

iii) The size of the critical defects in alloy B is relatively large for all types of tested specimens. Their 𝐴𝑟𝑒𝑎 are greater than 220 μm. For this range of defect size, the fatigue strength of the specimens does not change significantly compared to the variation in alloy A.

Using the Kitagawa-Takahashi diagram represented with linear axes Figure 25 gives a better understanding of the small size effect in alloy B. The critical defects are generally at the level where the fatigue strength begins to stabilize. Therefore, and since the size of the critical defects remain relatively large ( greater than 220 𝐴𝑟𝑒𝑎 μm), the difference in the fatigue strength and the scatter remain low. Indeed, when the size goes from 220 μm to 620 μm the local stress amplitude goes from approximately 67 MPa to 60 MPa [see Figure 25]. So, even for the different specimen sizes, the fatigue strength does not significantly change leading to a slight size effect and a low scatter. Figure 26 is a schematic representation of the fatigue strength amplitude as a function of the average critical defect size for volumes A-V1, A-V2, B-V1 and B-V2. It shows that due to the large average critical defect size of the alloy B, The size effect and the scatter are low. In contrast, the average critical defect size of the A-V1 and A-V2 specimens are in the interval in which the curve has a strong slope. A large difference between the fatigue strength of these two volumes and high scatter can hence be expected. A large size effect in terms of fatigue strength is a result of large size effect in the corresponding distributions of critical defect size (which is the case for alloy A). However, a large size effect if terms of critical defects does not lead systematically to a large size effect in terms of fatigue strength, depending on the range of the critical defect size.

Study of the notch effect

As previously discussed, four of the five specimens tested from batch B-VN, have two crack initiation sites (see Figure 15 and Table 4). In this section, the notch effect is investigated for both alloys. Computer Tomography analyses are used to gain insight into the problem.

Post-mortem analyses

As shown in Figure 27, the defect density and the size of the defects in the notched section of the specimen taken from alloy B are much higher in comparison with alloy A. The high defect density in alloy B means that even by decreasing the FAV, there is still a high probability of finding large defects near to the surface of the notch. This explains why the averages of the distributions for alloy B in Figure 21 are close to each other for different FAVs. The opposite is observed for alloy A. By decreasing the FAV, the average size of the critical defect drops (see Figure 19). This leads to the activation of other failure mechanisms such as oxide, inclusion or PSB.

Furthermore, the higher probability of finding many large defects near to the surface of the notch in alloy B can lead to the multiple crack initiation sites. Two crack initiation sites were observed in four out of five notched specimens for batch B-VN. This phenomenon is also linked to the gradient stress effect introduced by the notch.

Crack initiation at the notch

In the following, the fractographic analyses have been matched to the tomographic analyses, the results are shown in Figure 30 and Figure 31. For alloy A, the results show that due to the lack of large defects near the surface, the specimen has failed from an inclusion located at the surface. For alloy B, due to the high density of large pores in this material, the specimen has failed from a pore at the surface. It can be seen that the critical pore is not the largest one contained in the fatigue active volume, as indicated in Figure 29. It is a different pore at the surface of the notch (see Figure 30 (b) and Figure 31). 

Conclusions

In this study, an experimental investigation has been conducted to evaluate the statistical size effect (or volume eff ect) on the fatigue strength of cast Al-Si alloys. Statistical analyses of fatigue data were carried out by means of statistical tests (Log-likelihood, AD test and its corresponding P-value). The main results can be summarized as follows:

-The fatigue strength is strongly dependent on microstructure defects in cast aluminium alloys. The most harmful defects are the pores located on specimen surface or subsurface. The pore size is the key factor controlling fatigue strength, and the random distribution of pores can cause great scatter in fatigue strength. -A variation in the highly stressed volume is accompanied by a change in the fatigue strength of the material.

This result confirms the existence of a size effect in cast Al-Si alloys. Furthermore, alloy A has a more
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pronounced volume effect than alloy B. This is due to the characteristics of the defect population of each alloy (pore size and distance between large pores). -Good correlation between the local fatigue strength amplitude and the critical volume was found. Hence, 𝐾 𝑡 𝜎 𝐷 it can be concluded that the highly stressed volume approach is an effective way to describe the statistical size effect in cast Al-Si alloys.

-Both critical defects size and the fatigue strength follow a lognormal distribution. For the fatigue strength, this has consequences for fatigue design. Some works are based on the idea that the fatigue resistance follows a normal distribution [START_REF] Thomas | Fatigue design and reliability in the automotive industry[END_REF]. Which is not the case for Al-Si cast alloys. -The fatigue strength for alloy A stabilizes from a critical volume of 375 mm 3 , which can be considered as the Fatigue Representative Elementary Volume. -The fatigue strength of alloy B stabilizes at a smaller critical volume of 110 mm 3 which can be considered as the fatigue REV of this alloy. -The alloys do not show the same fatigue damage mechanisms. For the alloy B, all the specimens have shown fracture initiated from a pore. However, the alloy A shows several mechanisms of crack initiation (pores, oxide, PSB). Nevertheless, the initiation from the pore is the predominant mechanisms and the percentage of the other mechanisms increases by decreasing the FAV size. -Size effect and scatter of fatigue are strongly linked to the average size of the critical defects. If the average size of the critical defect is lower than 220 µm, the alloy will show high size effect and high scatter, which is the case of alloy A. If it is higher than 220 µm the alloy will show low size effect and low scatter, that is the case of alloy B. -Density of pores plays a role also in the fatigue size effect and scatter; more presence of large defects and low inter-pores distance (high-density) leads to non-significant volume effect (case of alloy B). On the other hand, less presence of large defects and relatively large inter-pores distance (low-density) leads to strong presence of the volume effect (case of alloy A).

A modelling work coupling the defect size and position distributions and the loaded volume is in progress and will be presented in a next paper.  High density and large size defects lead to minor size effect and less scatter.

 Low density and small size defects induce large size effect and high scatter.
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 1 Figure 1: The microstructure of the investigated alloys (a) Alloy A (AlSi7Cu05Mg03 -T7) (b) Alloy B (AlSi7Mg03 -T7) and (c) Grain map showing grains for alloy A with 337 ± 143 µm. 𝑨𝒓𝒆𝒂 (𝒈𝒓𝒂𝒊𝒏) =
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 2 Figure 2: Micro-tomography scans of the alloys (a) A alloy and (b) B alloy
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 3 Figure 3: Distributions of the defect size of the pores from the scanned specimens in Fig. 2
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 4 Figure 4: Defect size as a function of the sphericity of the defects
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 5 Figure 5: Specimens for tensile fatigue tests
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 67 Figure 6: The definition of the depth of a critical defect
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 8 Figure 8: Fatigue crack localization in the hour-glass shaped V1 specimens
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 10 Figure 10: Highly Stressed Volume for (a) smooth specimens V1, V2 and V3 and (b) notched specimens

Figure 11 :

 11 Figure 11: SN-Curves plotted in semi-Linear diagram for the batches A-V1, A-V2, B-V1 and B-V2
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 12 Figure 12: Local stress amplitude at fatigue limit as function of critical volume for alloys A and B

Figure 13 :

 13 Figure 13: Nominal stress amplitude as function of critical volume for alloys A and B
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 1331415 Figure 14: Fatigue failure, specimen B-V1-05, Sa= 55 MPa, Nf=919402 cycles, (a) Macroscopic view, detailed view of (b) surface pore and (c) internal poreFigure14highlights the importance in fatigue of the free surface[START_REF] Serrano-Munoz | Location, location & size: defects close to surfaces dominate fatigue crack initiation[END_REF]. For this specimen, a very large defect can be seen in the middle of the specimen ( =575 µm) and a smaller one is visible near the surface ( 𝐴𝑟𝑒𝑎 =367 µm). The SEM observations clearly show that the smaller pore close to the surface is responsible 𝐴𝑟𝑒𝑎 for the fatigue failure.
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  Mécanisme : Oxide at the surface + PSB •
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 161718519 Figure 16: Crack initiation site with the combination of two mechanisms, specimen A-V1-29, Sa=75 MPa, Nf=328135 cycles, crack initiation from an oxide at the surface and persistent slip band (PSB)
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 20 Figure 20: Illustration of two distributions

Figure 21 :

 21 Figure 21: Cumulative probabilities functions of the critical defects for the different tested volumes (a) for alloy A and (b) for alloy B From Figure 21 (a) it can be seen that (i) for alloy A, the size of critical defects is increased drastically by increasing the size of the FAV. However, for alloy B in Figure 21 (b), the mean values of the distributions for the three different volumes (B-VN, B-V1 and B-V2) are almost the same ( ) [see Table12]. These 𝜇 ≈ 5.8 µm results explain the different sensitivity of alloy A and B fatigue strength to the FAV. In terms of the defect spatial distribution, these results can be explained by the fact that, the largest defects in the alloy A are distributed in a way that when the volume is increased there is a higher probability of finding a large defect. However, for alloy B, the defects are so densely distributed that when increasing the volume of the specimen the probability of finding a large defect does not increase.
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 22 Figure 22: Critical defect sizes in √area plotted on lognormal probability papers
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 23 Figure 23: Fatigue strength in MPa plotted on lognormal probability papers
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 124 Figure 24: Kitagawa-Takahashi diagram (R=0.1)

Figure 25 :

 25 Figure 25: Local fatigue resistance as a function of critical defect size (R=0.1)
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 26 Figure 26: Schematic representation of fatigue resistance as a function of the means of critical defect size for each batch
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 272829 Figure 27: CT scans of the notched section of (a) specimen A-VN-05, and (b) specimen B-VN-05 Figure 28 shows the location of defects in the notched specimens A-VN-05 and B-VN-05 as a function of their sizes in terms of . 𝐴𝑟𝑒𝑎 𝑒𝑞

Figure 30 :

 30 Figure 30: Fatigue failure, (a) specimen A-VN-05, Sa=70 MPa, Nf=1584002 cycles, crack initiation from an inclusion with of 27 µm (b) specimen B-VN-05, Sa=45 MPa, Nf=777402 cycles and crack initiation from a pore at the 𝑨𝒓𝒆𝒂 surface with of 313 µm 𝑨𝒓𝒆𝒂

Figure 31 :

 31 Figure 31: specimen B-VN-05 (a) tomographic image and (b) its corresponding fractographic image
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 32 Effects of porosity on size effect and scatter of fatigue strength are investigated.  Two alloys with different degrees of porosity are used.  Magnitude of size effect and scatter are linked to the population defects.

  

Table 1 :

 1 Properties of the investigated cast Al-Si alloys

		Grade			Alloy A	Alloy B
	Designation					AlSi7Cu05Mg03 -T7	AlSi7Mg03 -T7
	Chemical composition (wt %)	7% Si, 0.3% Mg, 0.5% Cu, Al Rem.	7% Si, 0.3% Mg, Al Rem.
	Casting Process				Gravity Die	Lost Foam
	Heat treatment				T7	T7
	SDAS (µm)					42±10	77±19
	Young Modulus E (GPa)			77±6 [16]	68±5 [16]
	Yield stress	𝜎 𝑌0.2%	(MPa)		260±2	240±5
	Ultimate tensile strength	𝜎 𝑢	(MPa)	304±4	251±6
	Elongation A (%)				4.7±1.2	0.8±0.1
	Porosity (%)				0.03	0.28
	Micro-hardness (Hv25Gr)		115	100

Table 2 :

 2 Characteristics of the defect distributions from scanned volumes of 363 mm3 

		Alloy A [Nb of pores = 454]	Alloy B [Nb of pores = 1569]
		𝐴𝑟𝑒𝑎 𝑒𝑞 [µm]	Sphericity	Nearest Neighbor [µm]	𝐴𝑟𝑒𝑎 𝑒𝑞 [µm]	Sphericity	Nearest Neighbor [µm]
	Min	20	0.48	60	20	0.17	40
	Max	170	0.99	1200	300	1.00	1200
	Mean	40	0.85	350	60	0.71	160
	Median	35	0.87	180	40	0.76	120
	Standard deviation	20	0.09	260	50	0.20	130
	Coefficient of variation	0.43	0.09	0.83	0.83	0.24	0.86

Table 3 :

 3 Characteristics of the samples

	Specimen	Number of specimens Alloy A Alloy B	Kt	FAV A in mm 3 for the sublayer of 500 µm	FAV B in mm 3 for the sublayer of 650 µm
	VN	5	5	1.78	5	6
	V1	47	11	1	90	110
	V2	46	11	1	375	450
	V3	12	0	1	1020	-

Table 4 :

 4 Critical defects for notched specimens of the alloy B

	JOURNAL PRE-PROOF	
	Specimen	√Area : Site 1 [µm]	√Area : Site 2 [µm]
	B-VN 01	176	248
	B-VN 02	243	333
	B-VN 03	204	320
	B-VN 04	176	330
	B-VN 05	313	-
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Table 6 :

 6 descriptors for magnitudes of d = 0.01 to 2.0, as initially suggested by Cohen and expanded by Sawilowsky

	Magnitude of the effect	d	Reference
	Very small	0.01	Sawilowsky, 2009
	Small	0.20	Cohen, 1988
	Medium	0.50	Cohen, 1988
	Large	0.80	Cohen, 1988
	Very large	1.20	Sawilowsky, 2009
	Huge	2.0	Sawilowsky, 2009

Table 7 :

 7 Summarizes the results in terms of the defect distributions of the standard volumes

			Defect [µm]		Fatigue strength [MPa]
		A-V1 A-V2 B-V1 B-V2 A-V1 A-V2 B-V1 B-V2
	Mean	126	221	352	348	73	65	51	53
	Standard Deviation	53	138	100	94	9	8	5	3
	Pooled Standard Deviation	101		97		9		4	

Table 8 :

 8 

	Cohen "d" calculation		
			Cohen "d"
		Defect	Fatigue strength
	Alloy A	0.93	0.97
	Alloy B	0.04	0.45

Table 9 :

 9 evaluated probability functions

	Distributions	𝒇(𝝈)	𝑭(𝝈)

Table 10 :

 10 Summary of the Goodness of Fit (GOF) statistics for different distribution models for the critical defects

	Batch	Number of specimens	Tests	Lognormal	Gumbel	Weibull
			P-value	0.58	0.01	0.17
	A-V1	40	AD Log-likelihood	0.31 -222	1.63 -232	0.54 -224
			Rank	1	3	2
			P-value	0.40	0.01	0.41
	A-V2	37	AD Log-likelihood	0.38 -207	1.12 -212	0.38 -207
			Rank	1	3	2
			P-value	0.74	0.68	0.90
	A-V3	12	AD Log-likelihood	0.24 -64	0.28 -65	0.20 -64
			Rank	2	3	1
			P-value	0.78	0.04	0.32
	B-V1	11	AD	0.23	0.78	0.43
			Log-likelihood	-59	-62	-61

Table 11 :

 11 comparative analyses of the fitting procedure for statistical distribution models of fatigue strength

	Batch	Sample size	Creteria	Lognormal	Gumbel	Weibull
			P-value	0.22	0.08	0.20
	A-V1	47	AD Log-likelihood	0.49 -147	0.66 -150	0.51 -148
			Rank	1	3	2
			P-value	0.01	0.14	0.09
	A-V2	46	AD Log-likelihood	1.05 -125	0.57 -124	0.65 -124
			Rank	3	1	2
			P-value	0.40	0.01	0.04
	A-V3	11	AD	0.36	0.93	0.76
			Log-likelihood	-35	-38	-37

Table 12 :

 12 summary of the parameters of the identified distributions for 95% confidence level

	Batch	Lognormal		Defect Weibull		Gumbel	Lognormal	Stress Weibull		Gumbel
	A-V1	µ s	4.75 0.43	α γ	143 2.60	υ β	54 56.86	µ s	4.29 0.11	α γ	77 9.90	υ β	77 7.75
	A-V2	µ s	5.21 0.48	α γ	230 2.43	υ β	250 93.85	µ s	4.16 0.12	α γ	68 10.13	υ β	68 6.48
	A-V3	µ s	5.14 0.50	α γ	214 2.58	υ β	230 75.75	µ s	4.12 0.10	α γ	65 7.22	υ β	65 7.22
	B-V1	µ s	5.83 0.28	α γ	389 3.58	υ β	406 117.53	µ s	3.91 0.10	α γ	52 11.28	υ β	53 4.63
	B-V2	µ s	5.82 0.27	α γ	382 4.22	υ β	393 90.15	µ s	3.93 0.06	α γ	52 2.08	υ β	52 2.08