Yves Nadot 
  
Fatigue From Defect: influence of Size, Type, Position, Morphology and Loading

Keywords: Artificial defect, Micro defect, Fatigue limit, DSG criterion

The paper, after analysis of a large experimental data base, shows that, depending on the material, the effect of defect on the fatigue limit should be described through 5 major parameters:

Size, Type, Position, Morphology and Loading.

A fatigue criterion describing the effect of the defect through the local stress gradient is discussed and the identification procedure shows that each of the 5 major parameters can be taken into account. This criterion is included in a global modelling strategy starting from either µCT image or process simulation of the defect population and finishing with a defect size map at the scale of the structural component.

Introduction

The failure analysis of in-service broken metallic components, through the examination of fracture surfaces, reveals that a metallurgical defect is most of the time at the origin of the fatal fatigue crack in the High Cycle Fatigue range. The objective of this paper is to present a selection of experimental results obtained in our research group over the last 20 years. As the literature contains a very large number of studies related to the subject: 7349 articles over the last 10 years (Source: Scopus, 2010-2020, 'Fatigue' and 'defect', Title-Abstract-Keyword, Article), I have decided to extract for the introduction only a few studies that are considered as references in the domain.

It is impossible to study 'fatigue from defect' without studying Murakami's research work, mainly summarized in his book [START_REF] Murakami | Metal fatigue: effects of small defects and nonmetallic inclusions[END_REF]. Most of the paper citing Murakami's work are using the 'final' equations without any details on the origin of these equations. In the following, I will try to summarize the initial ideas of Murakami.

1) In the initial work with Nemat-Nasser in 1983 [START_REF] Murakami | Growth and stability of interacting surface flaws or arbitrary shape[END_REF], the authors conclude that "The maximum values of the stress intensity factor for each of several surface cracks are obtained, and it is confirmed that the formula = 0,629 √ , area = cracked area, [START_REF] Murakami | Metal fatigue: effects of small defects and nonmetallic inclusions[END_REF] holds with good accuracy if the crack is not very slender or concave. This result is useful for a quantitative evaluation of fatigue strength of materials with small cracks or defects.". KImax is the maximum value of the mode I stress intensity factor along the crack front, 'area' being the whole cracked area. Therefore, this first equation is an empirical correlation between KImax and 'area' but not a theoretical result to compute K from fracture mechanics theory.

2) After a large set of experimental fatigue tests exposed in [START_REF] Murakami | Metal fatigue: effects of small defects and nonmetallic inclusions[END_REF], Murakami suggested that a defect could be considered as an equivalent crack regarding the fatigue limit so that they established with Endo [START_REF] Murakami | Quantitative evaluation of fatigue strength of metals containing various small defects or cracks[END_REF] an empirical relation between the fatigue limit and the defect size through the area parameter:

√ = n ≈ 6 (2)
σw is the rotating bending or tension compression fatigue limit; area is the projection the defect in the plane perpendicular to the direction of the maximum principal stress; C is a material constant.

3) In 1986, Murakami and Endo [START_REF] Murakami | The behavior of short cracks[END_REF] revised the first idea (Equation 2) in order to propose an equation where the fatigue limit as well as the stress intensity factor threshold is given as a function of the hardness of the material and the area of the surface defect: 

∆ = 3,3 10 ! + 120# $√ % &/ (3) 
They concluded that "from more than 100 experimental data the prediction error is less than 10 % for notched and cracked specimens having area 1/2 less than 1000 µm and for Hv ranging from 70 to 720.".

After this general equation, Murakami extended the idea to internal defects, different load ratio and multiaxial loading, all equations can be found in [START_REF] Murakami | Metal fatigue: effects of small defects and nonmetallic inclusions[END_REF].

The idea of Murakami is based on three major ingredients:

(i) The area parameter: very much used and showing good results in many different situations because there is a link to the loading and it is a way to extract simple size from a complex defect based on σImax.

ii) The defect is equivalent to a crack under mode I: this ingredient is an important hypothesis than fits with most metallic materials, basically under tension R = -1 but also for other loadings. It is a conservative way of looking at the criticism of a micro-defect under fatigue loading.

(iii) The empirical link between Hv and the fatigue limit: this ingredient is powerful because there is no need for fatigue test to apply the equations but there are some limitations due to the fact that hardness is a 'bulk' plasticity property when fatigue is mainly influenced by local surface preparation.

The paper published by Kitagawa and Takahashi in 1976 [START_REF] Kitagawa | Applicability of fracture mechanics to very small cracks or the cracks in the early stage[END_REF] is also very much cited in the fatigue literature. I will recall here the basics of the paper in order to understand the fundamental of the idea. The objective of the authors was to study the difference between a short crack and a long crack, therefore an experimental procedure has been set up: a small arcstrike initial flaw (50 x 50 µm) in introduced at the surface of the fatigue sample loaded under R = 0 in order to initiate a fatigue crack. After a given size, a step-wise test decrease (3%) to threshold (2 10 -9 m/cycle) is conducted with surface replica observations associated to crack front marking to capture size and shape of the crack. The authors conclude that the threshold stress intensity factor is constant (and equal to the one of long crack) for crack size above 500 µm and smaller when the crack size is smaller than 500 µm. They plotted the evolution of the fatigue limit (computed from the threshold) and the surface crack length, this plot became the famous Kitagawa-Takahashi diagram so many times cited. In the long crack regime, the slope of the curve is given by Equation ( 6) from Linear Elastic Fracture Mechanics (Equation 5):

∆ = 1 ∆ √ (5)
so that in a Kitagawa diagram the evolution of the fatigue limit is given by

∆ = ∆2 34 5 √6 (6) 
El Haddad and Co-authors [START_REF] Haddad | Prediction of non-propagating cracks[END_REF] have suggested a theoretical description of the Kitagawa curve by the introduction of a 'critical length' that aims at describing the transition between the short crack regime and the long crack one:

∆ = ∆2 34 5 6 7 ## //8 (7) 
The introduction of this 'internal length' a0 is very important and shows that the Kitagawa curve is not an intrinsic one for a given material but there is a strong link to the microstructure, mainly through grain size for polycrystalline metals.

When both approaches (Murakami and Kitagawa) are plotted in a Kitagawa type diagram it is remarkable to notice that the slope of the curve, showing the diminution of the fatigue limit with increasing the defect size, is not the same. The result from Kitagawa gives the slope -1/2 (Equation ( 6) from Fracture Mechanics) when the slope from Murakami is -1/6 (Equation ( 4)), which is an empirical slope. We can suggest that Kitagawa will cover with a larger conservatism the experimental results compared to Murakami's approach that will be closer to most experimental results on metallic materials. Several existing analysis of the KT diagram say that Murakami's slope could be appropriate for small defects when Kitagawa's one (Fracture Mechanics) would be for bigger defects.

As exposed earlier in the introduction, the objective is not to do a literature survey on the topic, this has been very well documented in Murakami's paper from [START_REF] Murakami | Effects of defects, inclusions and inhomogeneities on the fatigue strength[END_REF] where almost all approaches aiming at describing defect influence on the fatigue limit are described. This literature survey must be updated by recent approaches describing the effect of defect through Critical Distance Method [START_REF] Taylor | Geometrical effects in fatigue: a unifying theoretical model[END_REF], gradient approaches [START_REF] Nadot | Multiaxial fatigue limit criterion for defective materials[END_REF], integral approaches [START_REF] May | Non-local high cycle fatigue strength criterion for metallic materials with corrosion defects[END_REF] or probabilistic approaches [START_REF] Koutiri | A probabilistic model for the high cycle fatigue behaviour of cast Aluminium alloys subject to complex loads[END_REF]. Another recent review paper in 3 parts from Zerbst [START_REF] Zerbst | Defects as a root cause of fatigue failure of metallic components. I: Basic aspects[END_REF][START_REF] Zerbst | Defects as a root cause of fatigue failure of metallic components. II: Non-metallic inclusions[END_REF][START_REF] Zerbst | Defects as a root cause of fatigue failure of metallic components. III: Cavities, dents, corrosion pits, scratches[END_REF] contents also a very large number of references related to the topic 'fatigue from defect'.

In this paper, I will present experimental results related to the influence of defect on the fatigue limit of metallic materials with a specific focus on:

-Micro-defect: void or inclusion, size ranging from 10-50 microns to 1-5 millimeters.

-Microstructure: we will mainly discuss the microstructure through grain size.

-The fatigue loading explored is ranging from 10 5 to 10 7 cycles.

-The fatigue limit for a given load ratio R is defined as the stress amplitude for a given number of cycle from the S-N curve. 

S-N curve

In this paper we will focus on the fatigue limit as defined in the introduction: stress amplitude for a given number of cycles from the S-N curve. The number of cycle targeted if from 1 to 10 million. In order to determine this S-N curve from an experimental viewpoint, the most common way is to produce between 20 to 50 fatigue samples and to test them at different load levels up to failure. An illustration is given on Figure 2a [15], the material is a ferritic nodular cast iron tested under tension R = 0.1. It can be observed that the results are scattered: at 330 MPa, the result vary from 10 5 to no failure at 10 7 cycles and non-failed samples can be founded from 260 to 360 MPa. Most of the time when testing cast materials, defects are responsible for the initiation (Figure 2b) and the defect size is an important parameter. This is illustrated on Figure 2b where it is shown that the major parameter influencing fatigue scatter is defect size: each sample is observed and the defect size is measured on the fracture surface, the fatigue limit for this defect size is extracted from Kitagawa diagram and the stress is normalized by the fatigue limit of each sample (including the effect of defect size). With this method, Figure 2b reveals the scatter due to the material, the machine and other parameters apart from defect size. It can be concluded from Figure 2a and 2b that the scatter is mainly produced by the defects. This paper [START_REF] Nasr | Probabilistic high cycle fatigue prediction for defective materials[END_REF] also shows that the distribution at the fatigue limit is lognormal (Figure 2a), similarly to the defect distribution, where the distribution is normal on the normalized curve (Figure 2b).

The S-N curve is not the most appropriate way to quantify the effect of defect on the fatigue limit because it is impossible to reproduce on a set of sample the same defect type, size, morphology and position except for artificial defect. As shown on Figure 2, the fatigue limit scatter is the result of a given defect population including all effects (type, size, morphology and position). In order to overpass the limitations of the S-N curve exposed previously, it is necessary to search for a methodology that would be able to give the fatigue limit for a single sample. Therefore, it would be possible to determine the fatigue limit for a given defect taking into account for the specific characteristics of the defect: type, size, morphology and position.

Step by step method

A simple way to evaluate the fatigue limit from a single sample is the 'step by step' method proposed by Maxwell [16] and also used by Lanning [START_REF] Lanning | Low-cycle fatigue/high-cycle fatigue interactions in notched Ti-6Al-4V[END_REF]. The sample is tested below the expected fatigue limit up to a given number of cycle (typically 1 to 10 million), if no failure, the sample is loaded again at higher stress level, this is repeated up to failure. By this way, it is possible to estimate the fatigue limit of the sample so that Lanning used this method to evaluate the influence of the stress ratio and the notch effect on the fatigue limit of Titanium Ti64 with many results in a reasonable amount of time. The method was compared to standard tests (stair case method for example) and gives very good results [START_REF] Maxwell | A rapid method for generation of a Haigh diagram for high cycle fatigue[END_REF]. In our group, Billaudeau [START_REF] Billaudeau | Fatigue limit for defective materials: mechanisms and experiments[END_REF] compared the step by step method to the stair case method on a 1045 ferriticperlitic steel with very good results under tension and torsion (see Table 1). This step by step method is very interesting when studying the effect of defect on the fatigue limit because it allows to get the result for a given unique defect and not the average of a defect population on a set of samples like for the S-N curve. In this paper, the step by step method is used in most of the test presented, an example is given on Figure 3 where the 'Kitagawa' type diagram (fatigue limit versus defect size) is plotted for surface and internal defects. The results are obtained on the same batch of cast iron that the one tested on Figure 2, it is interesting to note that the scatter of Figure 2 can be explained by the results of Figure 3 that has been used to produce Figure 2b. It is also interesting to point out that the position of the defect is an important parameter. This point will be specifically discussed in section 5. The step by step method is not appropriate when the material is very sensitive to the load history [START_REF] Vincent | Interaction between a surface defect and grain size under high cycle fatigue loading: experimental approach for ARMCO iron[END_REF] and especially when the fatigue limit is close to the yield stress. Finally, the step by step method is probably the unique one to be able to give the fatigue limit for a given single defect so that it is a good methodology to study the effect of defect type, size, morphology and position. This method is really powerful when discussing the effect of local versus global morphology of the defect (see section 6) when studying natural defects in cast materials or ALM materials.

The Locati method [START_REF] Locati | Le prove di fatica come ausilio alla progettazione ed alla produzione[END_REF] is a step by step method where the result is analyzed trough linear cumulative damage theory in order to take into account for the potential damage created by cycles below the fatigue limit.

Self-Heating

Another possibility to measure the fatigue limit from a single sample is to track the temperature evolution through a fast 'step by step' loading. The sample is loaded at a very low stress level for a short number of cycle up to the stabilization of the temperature, then loaded again at higher stress level and so on up to high stress lever (higher that the expected fatigue limit). The analysis of the self-heating curve through a modelling step leads to the determination of the fatigue limit as well as the scatter and the results are fairly good for many materials as demonstrated by Munier [START_REF] Munier | Determination of high cycle fatigue properties of a wide range of steel sheet grades from self-heating measurements[END_REF]. 

Fatigue mechanisms from defect

The study of fatigue mechanisms should not be limited to the characterization of the defect at the origin of the failure. It is important to understand the root of fatigue failure in terms of crack propagation plane: the observation of cracks surrounding the defect in the early stages is very important. Most of the authors claim that the most important mode for crack propagation is the mode I from a defect. It is also supported by numerous observations at the surface showing that small cracks surrounding the defect are perpendicular to the direction of the maximum principal stress [START_REF] Murakami | Metal fatigue: effects of small defects and nonmetallic inclusions[END_REF]. Nevertheless, a careful observation of the local propagation mode at the tip of the defect, and not only at the surface, on a 1045 steel [START_REF] Billaudeau | Fatigue limit for defective materials: mechanisms and experiments[END_REF] shows that, as illustrated on Figure 4, the local mode at the tip of the defect can be close to mode II (arrows) under tension and torsion loading. This study shows that a local stage 1 of the fatigue process under mode II propagation could exist in the small volume highly loaded around the defect. Therefore, we have concluded that a fatigue initiation criterion should not be eliminated from the possible approach to describe the influence of a defect on the fatigue limit. Of course the stress distribution must be taken into account in a given way (gradient, critical distance method, volume). In addition, Figure 4c shows that we can observe non propagating cracks below the fatigue limit around a casting defect on a nodular cat iron [START_REF] Nadot | Influence of casting defects on the fatigue limit of nodular cast iron[END_REF]. This observation confirms other results and would tend to consider the defect as an equivalent crack. The question is therefore: is it because we have two small cracks around the shrinkage that we have to consider that the defect could be considered as a preexisting crack? We have suggested in [START_REF] Nasr | Fatigue life assessment for material containing defects under multiaxial loading[END_REF] that the initiation could play a role in the total fatigue life and that an 'initiation volume' could be considered around the defect. In this small volume defined by the size of the defect plus the grain size, micro plasticity as well as micro cracking would both play a role to break all grains surrounding the defect.

Figure 4: (a) [START_REF] Billaudeau | Fatigue limit for defective materials: mechanisms and experiments[END_REF] 1045 steel, tension R= -1, fatigue crack initiation at the tip of the defect under shear mode (45° compared to load axis) (b) [START_REF] Billaudeau | Fatigue limit for defective materials: mechanisms and experiments[END_REF] 1045 steel, torsion R = -1, fatigue crack initiation at the tip of the defect under shear mode (0° and 90° compared to load axis) (c) [START_REF] Nadot | Influence of casting defects on the fatigue limit of nodular cast iron[END_REF] Nodular cast iron, tension R = -1, non-propagating crack below the fatigue limit around a defect (revealed by air / vacuum test)

Defect size measurement

The defect size measurement is a crucial point that is closely related to defect type and morphology and that can be also related to the loading. In this section, different measurements of defect size are discussed and the limitations of each are listed.

For industrial applications, ASTM standards can be used to characterize the size of the defect related to a non-destructive technique. For example, in cast Al or Mg alloys, the ASTM E155 [START_REF]Standard Reference Radiographs for Inspection of Aluminum and Magnesium Castings[END_REF] proposes the size analysis through 8 classes for each type of defect and each thickness.

The XR image of the real component is compared to the standard image in order to define the class of the defect (the size) for each location in the part. This standard is very important and gives a good reference for industrial applications where RX is possible but there are many limitations. The standard is limited to a given material, two thicknesses, 8 types of defects (inclusions, gas pore, shrinkage pore, ….), the morphology is not explicitly described (indirectly from defect type) and the most important lacking point is the position of the defect through the thickness. It is not possible to know if the defect is at the surface of in the bulk.

Of course complementary NDT technics can be used: die penetrant liquid at the surface or several RX images in different directions but still, morphology and position is not really precise. Using this type of standard in necessary in an industrial context but limited for design purpose and the explicit size in millimeter is not given.

When it is possible to access the 3D geometry of the defect (whatever the technique: 2D observations + extrapolation to 3D or direct 3D observation) the question is therefore: is it possible to extract a single dimension parameter from the 3D defect that will represent the effect of the defect on fatigue? Among all the different methods, 3 different routes are discussed here: maximum diameter, area parameter and equivalent inertia ellipse.

Most of the time, the problem of fatigue assessment related to defect addresses safety issues for a given component or material. Therefore, conservative approaches are preferred by engineers so that the first common way to characterize the dimension of a single complex defect is to measure the diameter of the minimum sphere that encircle the whole defect (see Figure 5). This measurement is similar to the maximum dimension over space of the defect. If this measurement is reasonable for spherical like defects, it can be extremely conservative when an elongated defect is oriented along the main load axis.

Another way to produce defect size measurement is to start from fracture surface observations. Most of the time, when component failure is involved, a careful fracture surface analysis leads to a better understanding of the cause of failure. In most cases, the failure plane is perpendicular to the direction of the maximum principal stress [START_REF] Murakami | Metal fatigue: effects of small defects and nonmetallic inclusions[END_REF], but it is not strictly the case for all materials and loadings [START_REF] Roy | Multiaxial Kitagawa analysis of A356T6[END_REF]. Murakami proposed a parameter to quantify a defect: area of the defect projected in the plane perpendicular to the direction of the maximum principal stress. This parameter is more than purely geometrical because:

(i) it links size and loading, (ii) the fundamental origin of this parameter in linked to Fracture Mechanics as presented in the introduction (Eq. 1).

With the hypothesis that a defect can be considered as an equivalent preexisting crack, the theory is generalized to defects. This parameter is an extremely powerful parameter and so many experiments are well analyzed through this size parameter that links defect to loading. It is probably the best parameter up to now to quantify a defect size on a fracture surface and it can be used with a real 3D complex defect also (see Figure 5). One of the limitation is related to the morphology of the defect compared to the loading: the area parameter is not adapted for very elongated defect along the load axis for example [START_REF] Billaudeau | Fatigue limit for defective materials: mechanisms and experiments[END_REF].

Another way to measure the defect from 3D images is to used 'equivalent' morphological parameters. For example, Buffiere [START_REF] Buffiere | Experimental study of porosity and its relation to fatigue mechanisms of model Al-Si7-Mg0.3 cast Al alloys[END_REF] proposed that the defect population could be characterized by using the equivalent diameter of the sphere of the same volume than the real defect combined with the tortuosity of the defect defined by a ratio between surface and volume. This quantification is not directly a measurement of an individual defect but rather a characterization of a defect population. Further link to stress concentration effect as suggested by [START_REF] Vanderesse | Microtomographic study and finite element analysis of the porosity harmfulness in a cast aluminium alloy[END_REF] should be done. Finally, another way to measure the 3D geometry is the Equivalent Inertia Ellipse. This theory aims at describing the defect using the global spatial distribution through the inertia tensor. It is an interesting theory that will be discussed at the end of the paper but the limitations are not yet well understood, it is a global geometrical equivalent parameter probably not applicable to all materials and not a real size parameter.

In the case of multiple defects, we have to find a criterion that separate the defects. We have proposed the criterion presented on Figure 5b [START_REF] Houria | Influence of casting defect and SDAS on the multiaxial fatigue behaviour of A356-T6 alloy including mean stress effect[END_REF]: when the shortest distance between the two defects is bigger than the biggest defect, the two defects are considered to be separated. When the shortest distance between the two defects is smaller than the biggest defect, the defect is considered to be unique and the size includes the ligament between the two defects (Figure 5b). This definition is very close to the one proposed by Murakami [START_REF] Murakami | Metal fatigue: effects of small defects and nonmetallic inclusions[END_REF]. 

Dimensionless Kitagawa diagram

The question of defect size can be also related to the size of the microstructure. In order to understand this question, a fundamental study was performed on Pure ARMCO iron [START_REF] Vincent | Interaction between a surface defect and grain size under high cycle fatigue loading: experimental approach for ARMCO iron[END_REF]. The same material was tested with two grain sizes (30 and 340 µm). Kitagawa diagram are produced with artificial semi spherical EDM defects. Results shows (Figure 6) that there is a unique intrinsic Kitagawa curve for this material when the graph is plotted using dimensionless axis: fatigue limit is divided by the 'defect free fatigue limit' and defect size is divided by the grain size. The dimensionless Kitagawa diagram for this pure material shows that the critical defect size is close to one, showing that a defect can lower the fatigue limit when it's size exceed the grain size in a pure material. As shown on Figure 6c, the fatigue failure can occur fare from the defect when its size is smaller than the grain size. This result is obtained in a given condition but the generalization to other material/loading should be validated because as stated in the final conclusions of the paper, the result is material/loading dependent. Furthermore, ARCMO iron is a pure material, the answer is rather complex for industrial materials. The results presented in this paper are using three different measurements depending on the problem and the material:

-The 'area' parameter, measured on the fracture surface, is most of the time used to build Kitagawa type diagrams. This parameter can be captured 'directly' or with some interpretation of the contours [START_REF] Nadot | Influence of casting defects on the fatigue limit of nodular cast iron[END_REF] because defects such as shrinkage porosity (see Figure 3) can be very complex.

-The diameter of the equivalent sphere (same volume as the real defect), when RX 3D image is involved.

-The Equivalent Inertia Ellipsoid associated with the local stress gradient mainly for the DSG criterion presented at the end of the paper [START_REF] Vincent | Fatigue from defect under multiaxial loading: Defect Stress Gradient approach using ellipsoidal equivalent inclusion method[END_REF].

Defect type

Void and inclusion

The characterization of the influence of a defect on the fatigue limit can't be limited to a single size parameter, the type of defect is very important depending on the material and loading. Type of defect means for example in ASTM E155: gas holes, gas porosity (round), gas porosity (elongated), shrinkage cavity, shrinkage (sponge), foreign material (less dense), foreign material (more dense). In this paper, we propose to describe explicitly the morphology of the defect by a given parameter so we will consider only two types of defect: void or inclusion depending on the fact that the defect contains or not another material with a measurable density plus and interface. Now the question is: what is the influence of defect type on the fatigue limit? The fatigue literature contains many experimental results but it is relatively difficult to extract a clear answer to this question. The recent review paper from Zerbst [START_REF] Zerbst | Defects as a root cause of fatigue failure of metallic components. I: Basic aspects[END_REF][START_REF] Zerbst | Defects as a root cause of fatigue failure of metallic components. II: Non-metallic inclusions[END_REF][START_REF] Zerbst | Defects as a root cause of fatigue failure of metallic components. III: Cavities, dents, corrosion pits, scratches[END_REF] gives some information on that point. In most cases, the size parameter proposed by Murakami is used for both inclusions and voids. Figure 7 gives an example of the impact of defect type on the fatigue S-N curve of a cast Ti64 alloy [START_REF] Nadot | Influence of artificial and casting defects on fatigue strength of moulded components in Ti-6Al-4V alloy[END_REF]. Tests are conducted under tension, R = 0,1 in the HCF regime. The defect free reference curve is obtained on HIP material with polished samples. A set of samples is not HIPed but submitted to the same heat treatment than HIPed samples to reach similar microstructure, this set of sample (blue curve) contains both shrinkage porosity and gas pores as illustrated in Figure 7. The size varies from 500 to 1500 µm. Another set of samples was 'artificially' modified by the introduction in the liquid metal of inclusions (more dense) that takes part of the composition of the mold. The average size is 50 µm. The red curve is related to inclusions. We can observe that the two curves are very close to each other whenever the defect size is very different: 50 µm inclusion and 1000 µm shrinkage/pore. Voids are 20 times bigger than the inclusions and the S-N curve is very close (20% difference on the fatigue limit). This example shows that cast Ti seems to be very sensitive to defect type. Cast Ti 64 exhibits a very rough microstructure with a grain size (ex β grains) size up to 1 mm, this could explain the 'low' impact of very big defect. Nevertheless, the difference between void and inclusion is important and reveal that the type of defect can't be neglected in this case.

Defect surface: microstructure, roughness and residual stresses

Another important point is the fact that the defect is not only a given geometrical singularity in the material but can also have an effect on the material at the surface of the defect through microstructure modification, roughness and residual stresses. This phenomenon is most of the time neglected but it can be important as illustrated on Figure 7. This Figure presents results on cast Ti64, a set of sample was prepared with 780 µm spherical EDM (Electric Discharge Machine) artificial defect and another one with 700 µm spherical CM (Chemically Milled) defect [START_REF] Nadot | Influence of artificial and casting defects on fatigue strength of moulded components in Ti-6Al-4V alloy[END_REF]. The fatigue limit (S-N curve, tension, R = 0,1, maximum stress) is 400 MPa for CM defect and 280 MPa for EDM defects. Both defects are identical in type (void), size (very close), morphology (both spherical), position (surface) and loading (tension R = 0,1). As the result is obtained for a set of sample and the whole S-N curve, it seems that this result is representative of the phenomenon. It is well known that EDM leads to strong diminution of the fatigue properties of Ti64, it is most of the time quantified on smooth samples to study surface initiation. When the material contains a defect it is still the case: surface effect can modify the influence of the defect at iso-(type/size/morphology/position/loading). From the results it was not possible to decouple the effect of local microstructure, residual stresses and roughness. 

Defect position

The position of the defect is defined as the distance to the free surface.

-A surface defect has a part of the defect that is directly at the surface, open to the external environment.

-An internal defect is totally in the bulk of the component without any link to the free surface.

-A sub surface defect is an internal defect 'very close' to the surface (defined on Figure 8) and can be considered at the surface because the ligament breaks very early in the fatigue life so that the external environment is similar compared to a surface defect.

Surface / Internal defect

The position of the defect can have a significant influence on the fatigue limit as illustrated on Figure 3 on Nodular cast iron. Of course, the comparison between surface an internal defect is not very easy because (i) internal initiation is not very common (ii) it is very difficult to extract the effect of the position of the defect when all other parameters are equal. The Figure 3 shows that the type of defect is similar (shrinkage) but the global morphology is very different so that the size measurement is also challenging (iii) the environment is unknown inside an internal defect. In cast materials, shrinkages are suspected to be 'under vacuum' but the level of this vacuum is unknown and other spherical pore are linked to gas pressure in the cast so that some internal defect (gas pores) contains a given gas different from air and from vacuum. It is difficult in the literature to find a Kitagawa diagram for surface defect compared to internal ones.

In order to be able to study precisely the effect of the position of the defect, a dedicated study has been conducted on cast AlSi [START_REF] Serrano-Munoz | Location, location & size: defects close to surfaces dominate fatigue crack initiation[END_REF]. A customized casting allows to get 20 mm diameter cylinders with repeatable 1 mm radius spherical like defect in the center of the casting. Several as cast bars can be produced with the same defect. From this raw bar it is possible to extract a fatigue sample in the center of the bar so that the defect is in the middle of the gauge section of the sample or a fatigue sample where the defect is at the surface (the axis of the sample is not the axis of the bar). Finally, it is possible to compare exactly the same defect: type, morphology, size, loading but at the surface or in the center of the sample. Figure 8b,c show typical fracture surface where the defect can be located. Fatigue tests results are presented on Figure 8a. The first curve (open circle) is a reference 'no defect' with small defects lower than grade 1 ASTM E155. The second curve (filled circle) is related to a set of sample containing the 1 mm radius spherical defect in the center as illustrated on the fracture surface (Figure 8b). The third curve (open triangle) is obtained only for from 3 samples containing the 1 mm radius spherical defect at the surface and tested under ambient air environment. Finally, the fourth curve (filled triangle) is obtained on four samples containing the same 1 mm surface defect but the test is conducted under vacuum environment. The result obtains on cast AlSi shows clearly that there is a strong environmental effect. The fatigue curve for the 1 mm internal defect is very similar to the one obtained for the 'no defect' curve where the initiation is at the surface on small defects (grade 1 ASTM leads to defects lower than 400 µm). Of course we have checked that all points obtained on this curve are really related to internal initiation because as the result is similar to 'no defect' curve, both surface or internal initiation can occur. Therefore, the damage process from the internal defect must be very slow compared to the one from surface defect. When the 1 mm defect is at the surface, the S-N curve is really lower compared to the one obtained for internal defect. Finally, when the 1 mm surface defect is tested under vacuum environment, the result is the same than from 1 mm internal defect. This set of experiments shows clearly that for cast AlSi under tension, the influence of the position of the defect is related to environmental effect. As discussed before, the extrapolation to natural casting defects is to be discussed depending on the type of defect because the environment of internal defect if probably not always vacuum.

This set of experiments is analyzed without any mechanical parameter. One could argue that the 1 mm radius spherical defect is not the same size when at the surface or internal. From a stress concentration viewpoint, a surface spherical defect and an internal spherical defect of the same radius in an infinite body gives very similar Kt. The theoretical value for tension loading in 2,05 for the internal defect when the value varies for surface defect from 2,05 to 1.99. Of course the value is slightly different when the body is not infinite but the different is not very significant. From Fracture Mechanics handbook [START_REF] Rooke | Compendium of Stress Intensity Factors[END_REF] we can calculate the stress intensity factor:

Internal circular crack, radius , infinite body, mode I: = at the deepest point to higher values at the surface but the value at the surface is a function of the geometry of the surface and the depth of the crack.

For infinite body, the Y factor is very close to From a mechanical viewpoint, if we consider the defect as a notch using the stress concentration factor Kt or if we consider the defect as a crack using the stress intensity factor K, the difference between internal and surface defect (identical radius) is not very important.

The precise quantification must be done in a given geometrical case but the slight differences obtained are not enough to explain the very strong difference between internal and surface defect. Therefore, the environmental effect seems the major factor.

This conclusion must be limited to cast AlSi material associated to the tension loading tested.

One should take care with the extrapolation to other material/loadings.

Sub Surface defect

The separation between internal and surface defect is easy when the internal defect is fare from the surface. It comes difficult to define the position of the defect when the location is very close to the surface. Most of the time it is supposed that the ligament, which is the material between the defect and the free surface, could break very quickly under cyclic loading in the first cycles so that the defect can be considered at the surface. Therefore, a definition of the size of the ligament compared to the defect size is used to define whether or not the defect is close to the surface or close to the bulk.

In order to propose a clear methodology for the definition of an internal defect when the defect is close to the surface, a finite element model combined with a fatigue criterion including the effect of the defect is proposed on cast AlSi [START_REF] Rotella | Influence of defect morphology and position on the fatigue limit of cast Al alloy: 3D characterization by X-ray microtomography of natural and artificial defects[END_REF]. Figure 8d shows a finite element mesh of a small cube (2 x 2 x 2 mm) containing a real shrinkage pore imaged by XR tomography. The size of the pore is 400 µm (diameter of the sphere of the same volume). The pore is located in the bulk of the cube at the center for the first calculation of stresses and moved closer and closer to the free surface (distance A-B = 'distance to the free surface'). The material behavior law (Figure 8e) is a cyclic plasticity model using nonlinear kinematic hardening rules in order to evaluate the local stresses at the tip of the defect on the line A-B including plasticity effects. Results are shown on Figure 8g where the Ktpl (Kt factor including plasticity effect) is drawn around the defect in the plane perpendicular to the loading axis. Each image on Figure 8f corresponds to a different ligament. Finally Figure 8g presents the evolution of the Ktpl at point A with the 'distance to the free surface'. Three different models are used depending on the way to describe the real defect. Whatever the way the defect is represented in the criterion, the curves are 'stabilized' when the distance to the free surface is higher than 250 µm. Therefore, we can conclude that when the size of the ligament is really smaller than the defect, then the local stresses increase so that we can suppose that we can promote rapid initiation in the first cycles of a crack that breaks the ligament so that the ambient environment comes into the defect. When the ligament is really bigger than the defect size, then the local stresses are not modified by the proximity of the surface so that the defect can be considered as internal. Of course the separation is probably continuous but the idea is here to extract a global criterion, we will consider that a subsurface defect is an internal defect when the shortest distance from the defect to the free surface is bigger than the defect size. In the example presented on figure 8, the defect size is defined as the diameter of the equivalent sphere (same volume).

LCF / HCF / VHCF

The previous result was obtained in the High Cycle Fatigue range, close to the fatigue limit, for fatigue lives between 10 5 and 10 7 cycles. It is very important to specify the fatigue life regime for such results because the conclusion can be totally different depending on the fatigue life. It is the case in the Very High Cycle Fatigue (10 7 to 10 10 cycles) domain where internal initiation is strongly promoted compared to surface initiation: therefore, the conclusion made on cast AlSi alloy related to the less damaging effect of internal defect attributed to environment could be different in the VHCF domain that strongly promote internal initiation as demonstrated by [START_REF] Jeddi | A review about the effects of structural and operational factors on the gigacycle fatigue of steels[END_REF]. 

on nonlinear kinematic hardening law (f) Stress concentration factor for different position of the defect (g) Evolution of the maximum stress concentration factor close to the defect as a function of the distance to the free surface (h)

Definition of an internal defect

Defect morphology

The morphology of the defect if the 3D geometry for a given type (inclusion of void). It is difficult to produce experimental results where all parameters are equal except the morphology. In this section we will analyze a set of experimental results on cast Titanium, cast Aluminum and cast Iron in order to understand the role of the morphology of the defect on the fatigue limit.

Global morphology versus local morphology

Cast AlSi

As illustrated on Figure 5, a natural shrinkage can exhibit a complex 3D geometry. What would be the governing parameter for the fatigue limit: the global geometry? The local geometry related to the stress concentration factor? In the case of cast Al, we can characterize the defect using a global geometry (elliptical envelop) in addition to a local geometry strongly related to the SDAS. In order to understand the role of global morphology compared to local one, a simple experiment has been conducted on cast Al [START_REF] Rotella | Influence of defect morphology and position on the fatigue limit of cast Al alloy: 3D characterization by X-ray microtomography of natural and artificial defects[END_REF]. A set of fatigue samples is produced with an artificial spherical defect machined at the surface by EDM (area 1/2 = 700 µm). All defects are identical from a sample to another. 4 types of samples are compared: (i) the reference sample containing the big EDM defect (ii) a mall EDM spherical defect (92 µm) is machined at the tip of the big EDM defect (iii) a small FIB spherical defect (82 µm) is machined at the tip of the big defect (iv) three crack like defects (3 x 39 µm -distance 38 µm) are FIB machined at the tip of the big defect. The idea is to produce local voids in addition to the global defect in order to reproduce in a controlled way the morphology of local interdentridic porosity. Furthermore, these local voids are machined using EDM or FIB in order to vary the type of surface integrity (microstructure, roughness and residual stresses).

Fatigue results are presented of In can be concluded from Figure 7 that there is no significant effect of the local defects whatever the number of defects and whatever the way these defects are machined. It seems therefore that on cast Al alloys, the local morphology is not the major parameter compared to the global one. Results presented in Figure 7 are obtained on cast Titanium [START_REF] Nadot | Influence of artificial and casting defects on fatigue strength of moulded components in Ti-6Al-4V alloy[END_REF]. From the results already presented on natural defects (pore + shrinkage) it is not possible to extract explicitly the effect of local morphology because the size is very different (from 500 to 2000 µm) and two types of voids are involved: gas pore and shrinkage. Nevertheless, the results obtained on the artificial defect machined by EDM and compared to the one machined by EDM + Chemical Milling, it can be concluding that the surface effect could be assimilated to local morphology effect. Therefore, the conclusion on cast Ti is different from cast Al: the local morphology is important in the case of cast Ti alloy so that the single global morphology is not enough.

Nodular cast iron

The analysis of the effect of morphology of the defect could also be discussed through the comparison between a defect and a crack. The comparison is shown on Figure 10 where a fatigue sample (Nodular cast iron) contains a micro drilled defect (Figure 10b) and the other sample contains a natural crack already initiated on a natural shrinkage (Figure 10a). The fatigue limit is measured under tension R = 0.1 with the step by step method and the result shows [START_REF] Nadot | Influence of casting defects on the fatigue limit of nodular cast iron[END_REF] that the fatigue limit is higher for the drilled defect (122 MPa) than, for the crack (100 MPa). Of course such result need to be analyzed with caution because the defect is an artificial defect so that, as illustrated previously, the machining process could induce surface effect. Furthermore, the preparation of a fatigue sample containing an initial natural crack is always difficult and the crack is tested with a loading history that could modify the crack tip. Finally, the analysis of the effect of the global morphology of the defect could also be discussed through an idealized representation of the defect. One could try to represent the global geometry with a 3D ellipse, then the definition of the equivalent size of the ellipse is difficult: maximum length of the defect? Minimum length? Major axis? Of course this is strongly related to the NDT used to characterize the defect population in the material. Is the case of laboratory sample, XR tomography is possible and allow to get the whole 3D morphology of an internal shrinkage. Therefore, it is possible to compute an equivalent defects geometry from the real 3D one. Figure 11 gives the illustration of an internal shrinkage porosity in cast Al. from the 3D image of the defect, all types of measurements of an equivalent defect is possible, in order to simplify the problem, we have decided to study only two equivalent geometries: (i) a sphere with equivalent volume (ii) an ellipse of equivalent inertia. The idea of the ellipse came in order to represent the fact that an elongated defect will not have the same stress concentration effect depending on the orientation to the loading. The equivalent 3D geometry is used in the DSG criterion that will be presented in section 8 of the present paper. In this modeling method, the influence of a defect is implemented in a multiaxial criterion thought a local stress gradient. The results presented on Figure 11d is a comparison between experiment and simulation for 4 different fatigue sample, at the fatigue limit and compares the equivalent sphere to the equivalent ellipse. Results are slightly better using the elliptical representation but not for all samples. 

Defect orientation and loading

Most of the studies related to the effect of defect influence on the fatigue limit are based on tensile fatigue test. It is important to have other fatigue tests under multiaxial loading with various load ratios because of the multiaxial nature of the loading on real components but also because defects are not always spherical so that the orientation related to the loading could play an important role.

Multiaxial loading

The results obtained by Billaudeau [START_REF] Billaudeau | Fatigue limit for defective materials: mechanisms and experiments[END_REF] was related to a 1045 steel containing artificial EDM surface defect with controlled size and geometry (Figure 12). Tests were conducted under tension and torsion, R = -1 and the elliptical defect was tested with different orientations. The defect size is measured using the initial parameter proposed by Murakami. Results are presented using Kitagawa diagrams. Tensile results indicate that 'area' parameter is a very powerful size description of the defect and gives very good results for all orientations and both loadings except for elongated defect alongside the load axis. In this situation, the local stress concentration is too low so that the area parameter is not really appropriate. A single size parameter is not good in this specific case because a very smooth defect can't be considered equivalent to a crack.

The analysis of the results is also compared to Murakami's equation that shows reasonable agreement that could be improved by the appropriate measurement of local hardness because the 1045 steel is a ferritic pearlitic steel. It is also proposed to evaluate Linear Elastic Fracture Mechanics assessment assuming the defect as a pre-existing surface semi-circular crack and using the effective mode I stress intensity factor for 1045 steel (3 MPa m 1/2 ). It is shown that LEFM gives fairly good average results for both loadings that could be improved for small cracks as suggested by [START_REF] Haddad | Prediction of non-propagating cracks[END_REF]. Nevertheless, the evolution described by LEFM (slope -1/2) for big defects seems to be too high compared to experimental results, showing that considering the defect equivalent to a crack could lead to conservative results. 

Load ratio effect

A specific focus can be done on the effect of load ratio in order to show that mean stress can leads to different conclusions regarding the effect of defect. Figure 13 presents a Kitagawa diagram for cast Al under tension R = -1 and R = 0 (other tests under combined tension torsion with two load ratio in [START_REF] Houria | Influence of casting defect and SDAS on the multiaxial fatigue behaviour of A356-T6 alloy including mean stress effect[END_REF]). It can be concluded from this experimental result that the critical defect size (from which the fatigue limit is impacted), is a function of the load ratio. The critical defect size is close to 600 µm at R = -1 and 200 µm at R = 0. This conclusion is probably dependent on the material and should not be extrapolated without experimental evidences.

Figure 14 shows the effect of load ratio under tension and torsion loading for 1045 steel containing a single 400 µm surface EDM micro defect [START_REF] Gadouini | Influence of mean stress on the multiaxial fatigue behaviour of defective materials[END_REF]. The objective is to quantify the impact of mean stress in this specific case and compare to the defect free material. Figures 14a shows that the effect of mean stress under tension is similar to the defect free material, which is expected from most of the studies of the literature. Figure 14b relates to torsion loading where it can be concluded that the result is also similar to the defect free material: there is no influence of the mean stress on the fatigue limit under torsion. This result is limited to a given mean stress level (150 MPa in this case). Contrary to most of the statement in the literature, this results shows that a defective material (at least 1045 steel with micro-EDM defect) will behave similarly to the defect free against the effect of mean stress. Most of the models in the literature will predict directly an influence of the mean stress under torsion for defective material because the mode I dominating mechanisms is stated; it seems from this experimental result that this statement could be discussed. Therefore, it could be suggested that the influence of a defect on the fatigue limit could be described by a modeling strategy based on initiation, like for many 'defect free' multiaxial criterion. 

Modelling

The experimental results presented in this paper show that the influence of a defect on the fatigue limit is not a simple problem that can be answered with a unique size parameter in most cases. Of course the size parameter is probably the main one so that it is important to start with. It is suggested that 5 parameters can be helpful to assess the influence of a defect, the relevance of each parameter must be carefully discussed for each material.

Size, Type, Position, Morphology and Loading.

It is therefore important to analyze experimental results in order to choose the appropriate modelling. Whatever the strategy defined for the equivalent defect: micro notch, crack like, empirical or other, the important point is to get information on each of the 5 parameters in order to build a consistent experimental identification that brings into the model most of the major influencing parameters. It is probably much more important to pay attention to the experimental identification rather than the choose of the model itself.

An extensive literature review related to defect modeling against fatigue was published by Murakami in 1994 [START_REF] Murakami | Effects of defects, inclusions and inhomogeneities on the fatigue strength[END_REF], it should be updated with recent approaches but this paper is still very interesting related to the classification structure based on modelling ideas.

In this last section, we are presenting a modeling approach that aims at considering the influence of defect on the fatigue limit by taking into account for the 5 parameters. The modelling strategy presented on Figure 15 is based on the following hypothesis (not detailed here, see references for further details):

-It is supposed that the fatigue limit is governed by initiation even for defective material [START_REF] Billaudeau | Fatigue limit for defective materials: mechanisms and experiments[END_REF].

-A multiaxial fatigue criterion can be used to compute the fatigue limit (whatever the criterion [START_REF] Karolkzuk | Stress gradient approach for multiaxial fatigue of defective materials[END_REF]).

-The influence of the defect is described through the local stress gradient around the defect [START_REF] Nadot | Multiaxial fatigue limit criterion for defective materials[END_REF].

Defect Stress Gradient (DSG) is a methodology based on the initial idea published in 2004 [START_REF] Nadot | Multiaxial fatigue limit criterion for defective materials[END_REF] with additional ideas from [START_REF] Vincent | Fatigue from defect under multiaxial loading: Defect Stress Gradient approach using ellipsoidal equivalent inclusion method[END_REF] and [START_REF] Nadot | Predicting the fatigue life of an AlSi10Mg alloy manufactured via laser powder bed fusion by using data from computed tomography[END_REF]. Figure 16 shows the equations and the identification strategy. From this table it can be concluded that the 5 parameters are taken into consideration in the DSG criterion. The evaluation of a model performance must be done within the validity domain but also the associated limitations that at described below.

-Describing the influence of the defect using a local stress gradient is good for defect orientation and multiaxial loading but the difficulty is to define the gradient as regard to the morphology: local or global gradient? Furthermore, the definition of defect size through the 'area' parameter for a gradient approach is still an open question and should be improved.

-The two parameters describing the fatigue criterion can take into account for multiaxial loading and for the position of the defect but the difficulty is to understand the real environment of an internal defect. In addition, these two parameters bring indirectly the influence of microstructure.

-The material parameter describing the influence of the defect is a function of defect type. On one hand it is good to be able to take into account for defect type but it needs specific identification for each defect type. [START_REF] Rotella | Defect size map for cast A357-T6 component under multiaxial fatigue loading using the Defect Stress Gradient (DSG) criterion[END_REF]. Defect size is ranging from 945 to 1250 µm and located close to the highly stressed volume (Figure 17b). Figure 17c shows the critical defect (number 8) with the fatal crack (die penetrant observation). Figure 17d shows the defect size map simulated using DSG criterion and superimposed to the component image with the location of each defect. It can be concluded from the legend of Figure 17d that each defect is located in the 'good location' compared to the calculated defect size map. At the location of defect number 8 (size 945 µm), the allowable computed defect size is 800 µm so that it is normal that this defect initiates a crack. All the other defects have a defect size below the calculated one so that it is normal that these defects do not initiate cracks. This result is supported by other tests presented in [START_REF] Rotella | Defect size map for cast A357-T6 component under multiaxial fatigue loading using the Defect Stress Gradient (DSG) criterion[END_REF] but still limited to 'spherical like' artificial defects. This validation of defect size map using DSG criterion at the scale of the full scale component should be improved by testing other materials and loading conditions. Recent work on ALM AlSi10Mg T6 [START_REF] Nadot | Predicting the fatigue life of an AlSi10Mg alloy manufactured via laser powder bed fusion by using data from computed tomography[END_REF] shows good agreement with the model for lack of fusion oriented perpendicularly to the loading but bad results in the case of very complex cluster of longitudinal lack of fusion. The influence of each parameter is a function of the material so that it is not possible to give a general conclusion independently from the material.

A fatigue criterion describing the effect of the defect through the local stress gradient is proposed and the identification procedure shows that each of the 5 major parameters can be taken into account. This criterion is included in a global modelling strategy starting from either µCT image or process simulation of the defect population and finishing with a defect size map at the scale of the structural component.

Open challenges

Many aspects of fatigue from defects are already explored in the literature but there is a tendency to reproduce existing models in many papers. I will try to draw in the following some ideas related to open challenges that are important.

-The local material behavior response is not enough considered. Micro plasticity should be studied carefully around the defect in order to improve our methodologies that are limited when considering only elasticity.

-The morphology of real defects (shrinkages, lack of fusion, …) is often complex and the simplification to a unique length parameter related to the loading is probably limited so that studies should go into deeper analysis on this question. The material must be considered in the discussion.

-The VHCF regime brings a fundamental open question: why internal initiation from defects is largely promoted in most metallic materials while the internal environment should (probably) lower the criticism of the internal defect?

-The effect of environment on the initiation and propagation of internal defect is still an open question complex to address from an experimental viewpoint due to the difficulty to quantify the environment of the internal defect.

  Limit E , load ratio R = -1, tension loading Finally, the paper presents experimental results obtained on many different materials, for different loadings showing, as illustrated on Figure1, that the fatigue limit is a function of defect Size, Type, Position, Morphology and Loading. The paper finishes with a general model that can handle each parameter starting from a micro CT image or process simulation and finishing with a defect size map at the scale of the component.

Figure 1 :

 1 Figure 1: From 3D image of the defect population (µCT or Simulation) to fatigue defect size map: 5 parameters to describe defect influence on the fatigue limit 2. How to determine the influence of a defect on the fatigue limit?

Figure 2 :

 2 Figure 2: Nodular Cast Iron, tension, R = 0,1, f = 35 Hz [15] (a) S-N curve, surface defect, distribution at the fatigue limit (b) S-N curve, stress normalized by the fatigue limit for each sample, distribution at the fatigue limit (c) Initiation site: typical surface shrinkage

Figure 3 :

 3 Figure 3: Nodular cast iron, tension, R = 0,1 [15] (a) Representative surface shrinkage (b) Representative internal shrinkage (c) Kitagawa diagram (log-log scale, maximum stress plotted) obtained with the step by step method, defect size measured by using area 1/2

  (a) Tension, R = -1, stair case, fatigue limit = 236 +/-12 MPa (b) Tension, R = -1, step by step, fatigue limit = 237 MPa (c) Torsion, R = -1, stair case, fatigue limit = 169 +/-9 MPa (d) Torsion, R = -1, step by step, fatigue limit = 175 MPa

Figure 5 :

 5 Figure 5: Defect size measurement (a) From real 3D defect to the projection perpendicular to the direction of the maximum principal stress (b) Definition of defect size in case of two defects

Figure 6 :

 6 Figure 6: Pure ARMCO iron [19], tension R = -1 (a) Raw Kitagawa diagram showing the evolution of the fatigue limit with defect size for two grain sizes (b) Dimensionless Kitagawa diagram showing a 'unique' behavior when defect size is divided by grain size (c) Initiation fare from the defect (defect size smaller than the grain size) (d) Initiation from the defect (defect size bigger than the grain size)

Figure 7 :

 7 Figure 7: Influence of defect type for cast Ti64 [30] (a) S-N curve (b) Fracture surface: big shrinkage cavity (c)Fracture surface: big gas pore (d) Fracture surface: inclusion (e) Fatigue limit for Chemical Milled defect (f) Fatigue limit for EDM defect

, 6 √

 6 Surface semi-circular crack, radius , semi-infinite body, mode I: = 1 √ Y varies along the crack front from , 6

Figure 8 :

 8 Figure 8: Cast AlSi (a) S-N curve (b) Fracture surface, 1 mm radius internal spherical defect (c) Fracture surface, 1 mm radius surface spherical defect (d) Volume meshed with internal real 3D pore (e) Plasticity model based on nonlinear kinematic hardening law (f) Stress concentration factor for different position of the defect (g) Evolution of the maximum stress concentration factor close to the defect as a function of the distance to the free surface (h) Definition of an internal defect

Figure 9

 9 and compared to the reference material (ASTM grade 1). Step by step tests are performed on each sample and the Figure shows all steps: non failure (filled symbols) and failure (open symbols).

Figure 9 :

 9 Figure 9: Cast AlSi, tension R = -1 [33] (a) S-N curve (b) Fracture surface, small FIB spherical defect at the tip of a big 700 µm spherical EDM defect (c) Fracture surface, 3 small FIB 'crack like' defects at the tip of a big 700 µm spherical EDM defect Cast Ti64

Figure 10 :

 10 Figure 10: Nodular cast iron, tension R = 0,1, step by step tests in order to find the fatigue limit, same area 1/2 : 400 µm [22] (a) Fracture surface, initial crack surrounding a shrinkage, fatigue limit = 100 MPa (b) Fracture surface, initial drilled defect, fatigue limit = 122 MPa Cast AlSi

Figure 11 :

 11 Figure 11: cast AlSi [33] (a) illustration of a complex shrinkage (b) Equivalent ellipse (c) Equivalent sphere (d)Fatigue limit calculation (using DSG criterion) comparing experiment to simulation when the critical defect is model as a sphere or an ellipse

Figure 12 :

 12 Figure 12: 1045 steel containing artificial EDM surface defects [18] (a, b) Kitagawa diagrams obtained for spherical and elliptical defect with different orientations (c) surface view of the spherical defect (d) surface view of the elliptical defect

Figure 13 :

 13 Figure 13: Cast AlSi [28], Kitagawa diagram showing the evolution of the fatigue limit with defect size comparing R = 0 and R = -1 under tension loading

Figure 14 :

 14 Figure 14: 1045 steel [35], influence of mean stress on the fatigue limit for a 400 µm spherical surface EDM defect (a) Tension loading (b) Torsion loading

Figure 15 :Figure 16 :

 1516 Figure 15: Through Process Modelling: from 3D image of the structure (µCT image or process simulation) to fatigue defect size map using DSG criterion

Figure 17 :

 17 Figure 17: Application of DSG criterion at the scale of a structure (cast AlSi) showing the defect size map for the structure [38] 9. Conclusions A large experimental data base obtained over the last 20 years is analyzed. This data base is focusing on the influence of micro-defects on the fatigue limit of metallic materials: -Nodular cast iron, 1045 steel, cast Ti64, cast AlSi -Different types of defects: artificial (drilled, polished, EDM, FIB), casting defects, inclusions -Multiaxial fatigue loadings: tension, torsion, combined loading -Several load ratio, different fatigue life range From this database, a selection of experimental results is presented in this paper. It is shown that 5 parameters should be considered to describe the influence of a defect on the fatigue limit of a metallic material: Size, Type, Position, Morphology, Loading

  

Table 1 :

 1 Legend

	Stress					(a) Stair case, Tension, R = -1, 16 samples
	(MPa)	1	2	3	4	5	6	7	8	9 10 11 12 13 14 15 16
	250				o		o				o
	240			x		x		o			x	o
	230		x						o	o	x	x
	220	x								x	x
	Stress (MPa)					(b) Step by Step, Tension, R = -1, 4 samples
					17			18			19	20
	250			o			o			o
	240						x		
	230			x						o	x
	220			x						x
	Stress					(c) Stair case, Torsion, R = -1, 19 samples
	(MPa)	1 2	3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
	185										o	o
	175					o		o	o	x	x	o
	165	o	o		x		x	x		x	o	x
	155	x		x							x
	Stress (MPa)					(d) Step by Step, Torsion, R = -1, 4 samples
					20			21			22	23
	185			o			o			o	o
	175								
	165			x			x			x	x
	155								

: 'x' = no failure, 'o' = failure, 1045 steel, no defect: comparison between stair case and step by step method
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