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Abstract

Powder bed fusion based additively manufactured components are known to have poor
surface quality, especially when building downward facing surfaces. These surfaces can
contain defects, from which fatigue cracks can be initiated. In this work the notched fatigue
behaviour of Inconel 718 specimens produced by selective laser melting is investigated. The
main focus is set on the interaction between notch geometries and local defects due to the
amount of overhang in the notch region. Four different geometries are considered, with
different amount of notch acuities and degree of downward facing surfaces. A variation in
failure sites, with respect to the notch bisector line, was fond in the specimens, and the
position was found to be dependent on the amount of overhang and notch acuity. The
fatigue life was found to be dependent on the size of surface defects measured in fracture
surfaces. Further, the use of average strain energy density as a failure criteria in additively
manufactured metals is discussed.
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1. Introduction1

Additive Manufacturing (AM) is a manufacturing method, producing components by2

adding material in a layer-by-layer manner. Components of high complexity can be pro-3

duced, based on computer-aided designs. However, for Powder Bed Fusion (PBF) based AM4

methods, components are displaying poor surface quality, especially when building down-5

ward facing surfaces [1–7]. With increasing interest in using AM components in engineering6

applications, it is necessary to evaluate the structural integrity of the respective components7

[8]. A schematic illustration of manufacturing process and as-built part is shown in Fig. 1.8

The structural integrity for a wide range of AM metals has previously been studied [2, 3],9

the general trend is that as-built specimens are showing the lowest strength and mechanical10

properties. Different post-processing methods can increase the mechanical properties [4].11

Typical post-processing employed to increase the mechanical properties are heat treatment,12

Hot Isostatic Pressing (HIPing), and machining [2, 9]. Heat treatment can remove residual13
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Figure 1: Schematic illustration of Manufacturing and as-built additive manufactured component. The
as-built component has defects and poor surface quality in regions built with downward facing surfaces.

stresses and alter the microstructure. HIPing can close internal voids, such as lack of fusion14

and gas pores; however, defects open to the surface will not be closed [10]. Machining the15

surface will remove the outer layer of the material, generally found to have high surface16

roughness and defects [2, 3, 11]. In the case of fatigue, especially for high strength metals,17

geometrical defects and surface roughness is a major factor determining the fatigue life18

[4, 12, 13]. Relating geometrical defects to the fatigue behaviour, several papers [13–17] are19

recently employing the
√

area-method developed by Murakami [18]. The method is based20

on measuring the effective size of the defect found in the fracture surface, then relating this21

effective size to the fatigue life of the component.22

With the new allowed degree of complexity in components by use of AM, engineers are23

looking into combining components, topology optimisation and grid structures [8]. This24

increase in geometrical complexity makes it more challenging to evaluate stresses in a Fi-25

nite Element (FE) model, as refine meshes are needed. Because of this, failure criteria26

independent of the mesh are desirable. Average Strain Energy Density (ASED) is a failure27

assessment method used for brittle fracture in static and cyclic loading for the assesment of28

fracture and fatigue failures, evaluating the average value of Strain Energy Density (SED)29

within a fixed control volume surrounding the notch tip [19]. When applied in FE models30

it has low sensitivity to the mesh size [19–22]. The possibility of employing ASED for AM31

metals has previously been investigated by Razavi et al. [23]. ASED has previously been32

employed on welded joints, which similar to AM metals contain residual stresses and defects33

[19].34

Inconel 718 is a Ni-based superalloy, with high strength and fatigue properties at a wide35

range of temperatures [24, 25]. The material is commonly used for turbine blades, pipeline36

components, aerospace components and other applications requiring high mechanical prop-37

erties at extreme temperatures. Inconel 718 is a high strength material and with AM it can38

be manufactured to near-net shaped components, reducing the need of machining. Reported39

results of AM Inconel 718 shows poor resistance to crack growth in the threshold region and40

fatigue cracks are initiating from defects such as lack of fusion [4, 17, 26, 27].41

In this work notched fatigue behaviour of as-built Inconel 718 specimens produced by42

SLM is investigated. Four different specimen geometries with different notch radii and43
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amounts of overhang is considered. The paper is aiming to (1) Describe the relationship44

between fatigue life and surface defects for notched and unnotched specimens. (2) Propose45

a model relating the position of crack initiation site, in terms of height with respect to the46

notch bisector line, to the degree of overhang in a notch geometry. (3) Investigating the47

challenges and opportunities of applying ASED as a failure criterion in AM components.48

2. Theoretical background49

The first proposal of local approach for evaluating failure was Neuber’s concept of ele-50

mentary structural volume and microstructural support length [28, 29]. The main idea is51

from these concepts is that static or fatigue failure is governed not by the theoretical maxi-52

mum stress in the notch, but rather the stress in the vicinity of the notch averaged over a53

volume or a length close to the notch root. The first proposal of strain energy as a failure54

criterion was by Beltrami in 1885 [30], stating that failure occurs when the level of strain55

energy reaches a critical value. Further, Sih proposed, for cracks, to evaluate a parameter56

dependent on SED and a critical distance from the crack tip singularity [31]. Where crack57

propagation would occur if the value of SED were equal to the critical value for the material.58

The theory was further extended to notches, using a reference point at the notch surface,59

where the tangential stress component has the maximum value. The SED failure criterion60

was refined and formulated in [32].61

ASED proposed by Lazzarin and Zambardi [33] evaluates SED in a defined control volume62

surrounding the notch tip. The criterion states that failure occurs when the mean value of63

SED, W̄ , over the control volume is equal to the critical value of energy for the material,64

Wc:65

W̄ = Wc. (1)

Based on the coordinate system of Lazzarin and Tovo [34], the control volume is defined66

for cracks, sharp notches and blunt notches. The generalised definition of the control volume67

is shown in Fig. 2, for sharp and blunt notches. ρ is the notch root radius, 2α is the opening68

angle of the notch, R0 is the critical radius defining the size of the control volume, this69

parameter is dependent on the material and r0 defines the centroid of control volume.70

2α

𝑟0

𝜌

𝑅0

2α

𝑅0

Figure 2: Generalized notch geometry and control volume used for average strain energy density.

In the case of static loading for a plain specimen, failure is evaluated by use of the71

ultimate tensile strength, σt, and Young’s modulus, E, of the material.72

Wc =
σ2
t

2E
. (2)
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In the case of sharp notches, ASED can be evaluated analytically for mode I loading by73

referring to the generalised notch stress intensity factor, KV
I74

W̄I =
I1

4Eλ1(π − α)

(
KV
I

R1−λI
0

)2

, (3)

where I1 is a parameter dependent on the opening angle of the notch and λ1 is the Williams’75

series eigenvalue [35]. In the case of blunt notches, ASED can be calculated analytically for76

mode I loading by referring to the maximum stress at the notch tip σmax77

W̄I = F (2α)×H
(

2α,
R0

ρ

)
× σ2

max

E
, (4)

where F is a function dependent on 2α and H is a function dependent on 2α and the ratio78

between R0/ρ [19]. ASED has previously been employed on a wide range of materials and79

loading conditions, including multi-axial fatigue of Ti6Al4V [19, 36–38].80

a [mm]
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/ 

W
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Fracture Mechanics Notch Mechanics

Figure 3: Schematic illustration of Atzori-Lazzarin diagram [39, 40], inverse of average strain energy density
versus defect size.

The Atzori-Lazzarin diagram [39, 40], an extension of Kitagawa-Takahashi diagram [41]81

has interesting applications for AM materials. The diagram is evaluating ASED at the82

fatigue limit for different notch/crack sizes, a. A schematic illustration of the diagram is83

shown in Fig. 3. The diagram consists of two plateaus of 1/W̄ and a transition between84

them. The diagram can easily be understood by considering an arbitrary defect in a material,85

with constant notch acuity a/ρ, where a is the size (depth) of the defect and ρ is the notch86

radius of the defect. For a defect with size less than a0, the defect will not influence the87

fatigue limit. For a defect size larger than a∗, the defect is acting as a notch, and linear88

notch mechanics can be applied. In the transition region between these two plateaus, the89

defect is affecting fatigue behaviour and should be taken into account locally, by applying90

linear elastic fracture mechanics.91

AM components and specimens can contain global defects, such as notches, and at the92

same time local defects, such as lack of fusion or pores. Looking to models such as the Atzori-93

Lazzarin diagram, taking into account the whole range of defects in the fatigue assessment,94

combining notch mechanics and fracture mechanics can be useful in future applications when95

developing tools determining the fatigue life of AM components.96
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3. Experimental procedure, testing and material97
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Figure 4: Specimen geometries: (a) Unnotched; (b) semi-circular notch; (c) v-shaped notch with notch radius
equal to 1 mm; (d) v-shaped notch with notch radius equal to radius 0.1 mm. Notch depth of specimens: 4
mm, 5 mm, 4.59 mm and 4.96 mm for (a), (b), (c) and (d) respectively.

The fatigue behaviour of four different specimen geometries of AM Inconel 718 produced98

by SLM was investigated. The geometry of the different specimens is shown in Fig. 4. An99

unnotched specimen geometry was compared to three double notch specimen geometries;100

semi-circular, v-shaped notch with a radius equal to 1 mm and v-shaped notch with a101

radius equal to 0.1 mm. All specimens were of 5 mm thickness. The specimen geometries102

investigated was based on notch geometries proposed by Pilkey et al. [42]. The specimens103

were produced by SLM, by use of standardised processing parameters on an SLM Solution104

system. The specimens were build to a solid layer by layer in the z-direction, referring to105

coordinate system in Fig. 4, with a layer height of 50 µm and energy density of 60 J/mm3.106

No distortion was found in the specimens potentially causing misalignments in the fatigue107

testing, like what has been reported previously in literature for additively manufactured108

cylindrical maraging steel specimens of comparable dimensions [15].109

Specimens were tested for high cycle fatigue under uniaxial loading on an MTS Landmark110

Servohydraulic test system, with a loading ratio R = 0 and a frequency of 10 Hz. The tests111

were performed at room temperature. Specimens that did not fail after 2× 106 cycles were112

considered as run out, and the fatigue strength was evaluated at this number of cycles. The113

fatigue data obtained was presented in S-N diagrams, with scatter bands at 2.3 %, 50 %114

and 97.7% probability of failure.115

The surface roughness of surfaces build in different orientations was measured in terms116

of Ra on an Alicona Infinite Focus Microscope. Surface roughness was evaluated for v-notch117

specimens, on surfaces built vertical, upward facing (45◦) and downward facing (45◦). The118

surface roughness was evaluated along lines of 4 mm. The microstructure of the material119

was obtained by polishing and etching according to ASTM E407-07, with etchant 94 [43].120

Fractography was performed by the means of SEM. Fracture surfaces were analysed, and121

the area of the defects found to initiate fatigue was measured. In the cases that the edge122

of the specimens were hard to define, regions displaying clear signs of lack of fusion close to123

or in contact with the surface, were measured. The position of failure in the notch region,124
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with respect to the notch bisector line, was measured for all specimens. As uniaxial loading125

was applied, the fracture surfaces were flat for the crack growth region, according to mode126

I loading.127

The elastic stress concentration factor, Kt, was determined for the different geometries128

by use of the Finite Element (FE) software Abaqus. Two-dimensional models were made,129

assuming plane strain conditions and utilising symmetry in the specimens. The stress con-130

centration factor was obtained by evaluating ratio of the maximum stress at the notch root131

and the nominal stress in the net cross-sectional area of the notch. The material was consid-132

ered to obey a linear elastic behaviour, with Young’s modulus and the Poisson ratio equal to133

200 GPa and 0.29, respectively [44]. The fatigue reduction factor, Kf , was obtained for the134

different geometries by evaluating Kf = ∆σS/∆σN , where ∆σS and ∆σN is the unnotched135

and notched fatigue strength at 2 × 106 cycles, respectively. The notch sensitivity, q, was136

evaluated by q = (Kf − 1)/(Kt − 1).137

ASED of the different geometries was done using the same FE model as used for evalu-138

ating the stresses. The volume for evaluating the ASED was created according to Fig. 2. In139

order to give an estimation of the control volume for the material, ASED of the unnotched140

specimen was evaluated at the fatigue limit by means of Eq. (2). Referring to this value,141

the control volume giving the corresponding value of ASED for v-notch specimens with 0.1142

mm radius was determined.A similar approach for determining critical distance in critical143

distance theory and critical radius ASED previously reported in literature [45, 46]. ASED-144

analysis was performed for a unit load, and then the result obtained for each geometry was145

scaled to the correct load level, for each fatigue data, by means of Eq. (2).146

4. Results147

4.1. Fatigue data148

∆σ - 97.7% ∆σ - 50% ∆σ - 2.3% Kt Kf q
Unnotched 168.93 250.00 369.99 1.07 - -
Semicircular 151.88 175.40 202.58 1.31 1.42 1.35
V-notch ρ=1 105.77 121.33 139.17 2.43 2.06 0.74
V-notch ρ=0.1 92.76 100.44 108.74 6.28 2.49 0.24

Table 1: Values for confidence bands at 2 × 106 cycles, elastic stress concentration factor, Kt (referring to
net cross sectional area), fatigue notch factor, Kf , and fatigue notch sensitivity, q.

The fatigue data for all specimen geometries are presented by means of S-N diagrams in149

Fig. 5, with confidence bands at 2.3 %, 50 % and 97.7 % probability of failure. The fatigue150

strength of unnotched specimens was 250 MPa, the fatigue strength was then reduced with151

decreasing notch radius; 175 MPa for the semi-circular notch, 121 MPa for v-notch with 1152

mm radius and 100 MPa for v-notch with 0.1 mm radius. The inverse slope of the confidence153

bands, k, and scatter parameter, T∆σ, are shown in the plots. The scatter parameter is154

decreasing as the notch radius decreases. The inverse slope of the confidence bands is 3.67,155
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Figure 5: Fatigue data obtained for different specimen geometries tested with loading ratio R=0: (a)
Unnotched; (b) Semi-circular notch; (c) v-notch 1 mm radius; (d) v-notch 0.1 mm radius.

3.13, 3.14 and 3.19 for unnotched, semi-circular, v-shaped notch with 1 mm radius and v-156

shaped notch with 0.1 mm radius, respectively. The slope is similar for the different notch157

geometries, while it is lower for the unnotched specimens. Fatigue strength at 2× 106 cycles158

for the different confidence bands are shown in Table 1, for all geometries.159

4.2. Notch Sensitivity160

The elastic stress concentration factor, the fatigue notch factor and the notch sensitivity161

are compared and shown in Table 1. The fatigue strength was reduced as the stress concen-162

tration factor was increased. V-notch with a radius of 0.1 mm showed the highest fatigue163

notch factor, then the v-shaped notch with 1 mm radius and then the semi-circular notch.164

For v-notch geometries the fatigue notch factor were smaller than the stress concentration165

factor, while for the semi-circular notch, the fatigue notch factor was higher than the stress166

concentration factor, i.e. a notch sensitivity above 1, taking the unnotched specimen as a167

reference.168

4.3. Surface Roughness and Microstructure169

The surface roughness of different regions was measured. For v-notch specimens, the170

vertical built surface and upward facing surface of the notch was measured to be 3.08 µm171
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Figure 6: SEM of surface build facing downwards and upwards.

and 3.20 µm respectively. The downward facing surface of the notch was measured to have a172

surface roughness of 20.95 µm. Fig. 6 shows SEMs of upward and downward facing surfaces.173

200 μm

Bu
ild

 D
ire

ct
io

n

500 μm

ρ=1 mm

a b c d

Lack of 
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Figure 7: V-notch specimen with 1 mm radius tested until 2×106 cycles; (a) Schematic illustration of notch
and build direction; (b) Optical micrograph of centre plane of specimen, polished; (c) Microstructure and
defect initiating fatigue crack growth; (d) Microstructure and defects in downward facing region.

The notched region of a v-notch specimen loaded until 2 × 106 cycles is shown in Fig.174

7. From Fig. 7b the geometry in the notch root is shown, in the overhanging region the175

surface is rougher, and defects are present. From one of the defects in the overhanging region176

a fatigue crack can be seen. This fatigue crack and the microstructure of the material is177

shown with a higher magnification in Fig. 7c. The defect from which the fatigue crack is178

growing is of depth ∼200 µm. Fig. 7d shows a porosity and lack of fusion defects in the179

downward facing surface. In Fig. 7c and d the microstructure of the material is shown, cross180

sections of the melt pools and elongated grains growing across the melt pools are visible.181

4.4. Fractography182

Fractography was conducted by means of SEM of all fracture surfaces. One fracture183

surface of each geometry is shown in Fig. 8a-d. Arrows indicates the crack growth and184

dashed lines indicates the transition from fatigue crack growth to final rupture. The general185

trends in the fracture surfaces are: (1) Unnotched specimens have crack initiation on one186

side of the specimen. In the fracture surfaces small defects were found, as seen in Fig. 8e. (2)187

Semi-circular notch specimens failed from one side, and lack of fusion defects were found at188

crack initiation site. (3) V-shaped notch specimens with notch radii of 1 and 0.1 mm failed189

from both sides of the specimen, and lack of fusion defects was found at crack initiation site,190

as seen in Fig. 8f.191
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Figure 8: Fracture surface for different specimen: (a) Unnotched speicmen, crack growth from one side; (b)
Semi-circular notch, crack growth from one side; (c) v-notch 1 mm radius, crack growth from both sides;
(d) v-notch 0.1 mm radius, crack growth from both sides; (e) Defect from unnotched specimen; (f) Defect
from v-notch specimen with 1 mm radius, lack of fusion defect, unfused powder particle visible.

Figure 9: Fatigue data for all specimen geometries, with marker size as measured defect area from crack
initiation. Loading ratio R=0.
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Figure 10: (a) Schematic illustration of fracture surface of unnotched, semi-circular, and v-notch specimens.
Fractography of defects in specimens: (b) unnotched; (c) semi-circular; (d, e) v-notch radius 1 mm; (f, g)
v-notch radius 0.1 mm.

All specimens were found to have crack initiation from surface defects, none of the192

specimens had crack inidistotiating from internal defects. The surface defects of all the193
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Figure 11: Dependency between defect size initiating fatigue and placement in scatter band: (a,b,d,e)
Unnotched specimen, semi-circular specimen, v-notch 1 mm radius and v-notch 0.1 mm radius respectively;
(c) All specimens; (f) Schematic illustration of cross section and defect size, Ad.

specimens were captured by SEM, and the area of each defect initiating crack growth was194

measured. The total area of defects in the surface region of each specimen was measured,195

giving a simple representation of the measurable defect size. Fig. 9 shows the fatigue data196

for all specimens, where the marker is plotted as the size of the surface defect. In Fig. 10,197

the measured defect area is shown for one specimen of each geometry, the defects are marked198

in red.199

In order to further investigate the relation between the fatigue life and the defect size,200

the position of each fatigue data with respect to the confidence band was plotted versus the201

defect size, this is shown in Fig. 11a, b, d and e. Here the marker size is indicating the size202

of the defects, Ad, measured. A comparison of the defect size in the different specimens is203

shown in Fig. 11c.204

4.5. Failure Site205

Generally, for notched components, the crack initiation site is at the position of the206

maximum stress, i.e. the notch root for mode I loading. The specimens investigated here207

did not show this typical behaviour. The failure was often occurring from the downward208

facing surface region, and as seen in the previous section, the specimens failed from surface209

defects such as lack of fusion. The position of the failure site was measured in the build210

11



  

a b c
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Figure 12: Failure initiation site for different specimens: (a,b,d,e) Height of failure for the different geome-
tries; (c) Failure site versus notch radius; (f) Schematic illustration of relative height in notch.

direction for all specimens. The relative height in the notch was considered by h/h0, where211

h is the height of failure initiation in build direction, and h0 is the total height of the notch,212

as defined in Fig. 12f. The failure site, measured as relative height in the notch, was further213

compared with the position of the specimen in the confidence bands. The result is shown in214

Fig. 12a, b, d and e. In the plots, the dashed lines are indicating the notch bisector line.215

In the unnotched specimens failure is occurring with a large scatter in h/h0. The semi-216

circular specimens are failing from the overhang region, with less scatter than the unnotched.217

For the v-notches, the failure is approaching the notch root as the notch radius decreases.218

The failure site was plotted versus the radius of the notch in Fig. 12c. The following219

observations were made: (1) The general trend is that as the notch radius decreases, the220

scatter decreases. (2) There is no dependency between confidence bands and failure site,221

unlike what was seen when evaluating defect size. (3) With a blunt notch and high amount222

of overhang the specimens are failing from the overhang region.223

4.6. Strain Energy Density224

ASED analysis were performed in Abaqus. The results for ASED analysis are shown225

in Fig. 13a and b, with R0 = 0.13 mm. In Fig. 13a, ASED are shown for the fatigue226

data of both v-notches, while in b, the fatigue data for semi-circular specimens are added.227
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Figure 13: ASED versus number of cycles to failure for: (a) V-notch specimens;(b) All notch specimens

Confidence bands at 2.3 %, 50 % and 97.7 % are shown in the plots. ASED of the fatigue228

data are presented in a scatter bands with scatter parameter T∆W = 1.45 and inverse slope229

k = 1.45 for the first case and T∆W = 2.51 and k = 1.50 for the second case.230

5. Discussion231

Fatigue behaviour for different notch geometries of AM Inconel 718 has been studied.232

Fractography was conducted by SEM, and all specimens were found to fail from defects in233

the surface region. Failure initiation site, as relative height in the notch, was obtained for234

all specimens. For decreasing notch radius, decreasing scatter in failure initiation site was235

obtained. Based on the defects found in fracture surfaces, and the failure initiation sites, it236

is believed that there are two main competing factors for crack initiation in the specimens;237

local and global notches. The global notches being the notch geometries studied, and local238

notches being notches/defects caused by the poor surface quality distributed all over the239
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surface of the specimens, and the size of the defects being dependent on the amount of240

overhang.241

5.1. Notch sensitivity242

From the fatigue data obtained, the fatigue notch factor and notch sensitivity were eval-243

uated and compared to the elastic stress concentration factor. According to the formulation244

of notch sensitivity [47], the notch sensitivity decreases, as the notch radius decreases. That245

is also the case for the AM Inconel 718 specimens investigated here; the notch sensitivity246

is decreased as the radius of the notch is decreased. The formulation of notch sensitivity247

states that if the notch has no effect, the notch sensitivity is equal to zero, while if the notch248

has a full effect, notch sensitivity is equal to one. For both v-notches, the notch sensitivity249

is between zero and one, as expected. The semi-circular notch, however, showed a notch250

sensitivity above one, which should not be possible.251

The unnaturally high notch sensitivity obtained for semi-circular specimen can be ex-252

plained by the specimens failing from lack of fusion defects, far away from the notch root,253

as seen in Fig. 12. The combination of notch sensitivity above one and specimens failing254

from defects in the downward facing region of the notch indicates that for this geometry the255

local defects are stronger mechanisms for fatigue than the global notch geometry. Further,256

it can be argued that the values obtained for notch sensitivity does not describe the mate-257

rial properties, but rather a combination of material and ”component” properties, including258

geometrical effects from the build. Another possible factor influencing the unnaturally high259

notch sensitivity seen in the semi-circular specimens can be that the unnotched specimens260

have Kt = 1.07 and not Kt = 1.00. However, this should account for a small change in the261

value of notch sensitivity.262

5.2. Scatter bands263

In the case of the S-N data presented in Fig. 5, the size of the scatter bands for the264

different specimen geometries is decreasing as the notch radius is decreasing. The variation265

of defect size is decreasing as the notch radius is decreasing, so is the variation of the failure266

initiation site. These observations can be connected to the idea that fatigue is a weakest link267

mechanism. In the notched specimens the global notch is competing with the local defects,268

as blunt notch specimens show large defects and are not failing from the notch root, while269

when the notch radius is decreasing, the failure site is localising at the notch root again. For270

the unnotched specimens, it seems more arbitrary if there is a defect present and where it271

is located, as the surface region close to the gauge section has a low degree of overhang and272

the stress concentration is low and equal to Kt = 1.07.273

5.3. Fractography274

The fracture surfaces were investigated for all specimens, and it was found that all275

specimens had crack initiation from defects in the surface region. It was also found that276

unnotched specimens failed from one local defect, with no particular sign of lack of fusion,277

while the notched specimens failed from larger defects, caused by lack of fusion, distributed278

along the whole edge of the specimen.279
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Figure 14: Diagram relating failure initiation site in a notched region to the notch acuity.

In this work the defect size is related to the fatigue life by the scatterbands, this is similar280

to the approach of Tammas-Williams et al. for machined Ti6Al4V specimens [13]. For the281

unnotched specimens, a strong dependence between the confidence band and the defect size282

was found, this was also seen in the specimens of Tammas-Williams et al. For the notch283

specimens less dependence between defect size and scatter bands was found, also the scatter284

bands were smaller.285

5.4. Failure initiation site286

The position of failure initiation site measured as relative height in notch, was obtained287

for all specimens. Results showed that the unnotched specimens had a large scatter in failure288

initiation sites, but on average the specimens failed from the centre. The semi-circular notch289

specimens have a weak stress concentration factor (Kt=1.31), and the failure was governed290

by the lack of fusion defects in the overhang region of the notch. With a decreasing notch291

radius and an increased stress concentration factor, the scatter was decreased, and the292

position of the failure site was moved closer to the notch root.293

Based on these observations a diagram relating the position of failure to the acuity of the294

notch was created. The diagram is shown in Fig. 14, and is considering the average failure295

initiating position and standard deviation for each geometry, in terms of relative height in296

the notch, h/h0. The acuity of the notch is described by a geometrical based parameter297 (
d

ρ

)(1−λ)

, (5)

where d is the depth of the notch, ρ is the notch radius and λ is the Williams’ series eigenvalue298

[35], a parameter dependent on the notch opening angle. AM metal parts will always have a299
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finite resolution based on the accuracy of the manufacturing method, the notch radius will300

therefore never be zero, and the notch acuity parameter will always be defined. The dashed301

line in the diagram is representing the centre of the notch, e.i. the position of maximum302

stress.303

The diagram shows that: (1) For a decreasing notch acuity, the scatter in failure initiation304

site is decreased. (2) At some combination of stress concentration due to the notch and305

amount of overhanging surface, the failure is occurring from the overhang region. (3) Gives306

some indication of whether the local defects or the notch geometry is controlling the failure307

initiation site. The diagram can easily be extended to other build orientations and altered308

based on the particularities of the AM method.309

5.5. Strain Energy Density310

When evaluating the structural integrity of AM metallic components it is evident that311

parameters such as residual stresses, geometrical defects, surface roughness, distortions and312

microstructure deriving from the manufacturing process are influencing factors. However,313

taking into account all of these parameters is a task too complex from a practical point of314

view. The process parameters used for additive materials are continuously being improved;315

hence, the aim of this work is not reporting the fatigue data from some specific process316

and material, but rather addressing a general problem related to the interaction between317

defects and component geometry, which to some degree will always be present in as-built AM318

components, e.g. machining of surfaces will not always be possible due to the geometrical319

complexity of the component. Energy based approaches such as ASED, not sensitive to320

mesh size, could be a way to deal with these kinds of problems; however, there are some321

challenges.322

Few data exist of what should be used as the critical radius of Inconel 718. Notched323

fatigue data of Inconel 718 by Chen et al. [24], was analysed by use of critical distance by324

Louks and Susmel [46], using a critical distance of 0.15 mm. In the case of the AM specimens325

investigated here, a critical radius of 0.13 mm was used, which is close to the value proposed326

for critical distance. It should be noted that the material of Chen et al. was heat treated327

and machined, in contrast to the material considered here, which was produced by SLM328

and tested as-built. Also, the theory of critical distances and ASED are different, but the329

reported result of distance proposed by Louks and Susmel for critical distance can be taken330

as a reference value.331

From the Atzori-Lazzarin diagram re-interpreted in terms of ASED it is evident that332

if either fracture mechanics or notch mechanics apply, ASED can be applied. However, in333

the case of the specimens investigated here, there is an interaction between local and global334

defects. Global defects can be considered by linear notch mechanics, and local defects can be335

considered by fracture mechanics, by for example the
√

area-method, as previously seen in336

literature for AM metals [13–17]. It should be noted that the
√

area-method only considers337

the defect area initiating fatigue and not the interaction of several defects.338

Here, ASED of the specimens was evaluated to see if it was possible to present fatigue339

data for AM specimens in unified scatter bands, and to uncover challenges related to it.340
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The diagram proposed in Fig. 14 shows that based on a combination of notch acuity and341

amount of overhang, failure is controlled by local or global geometrical effects.342

The results for ASED of the v-notch geometries in Fig. 13a, shows that both the v-343

notch geometries are coinciding with the unnotched fatigue strength at 2× 106 cycles, with344

a scatter of T∆W = 1.45. When also taking into account the value from the semi-circular345

notch, in Fig. 13b, the scatter is increased, and the data is not coinciding with the rest346

of the data. From the results, it seems that when the failure is initiating at notch tip or347

close to it, and the notch is a stronger and/or comparable strength as the local defects, it is348

possible to apply it. But in the case of the semi-circular specimens, the failure is governed349

by the local defects, and linear notch mechanics can not be applied. The threshold of which350

is the stronger factor for initiating fatigue, of the local and global defects, should be further351

studied in order develop understanding of which of them should be evaluated, and which352

could be taken as statistical scatter.353

6. Conclusion354

Fatigue assessment of different notched as-built AM Inconel 718 specimens produced by355

SLM has been conducted. The main findings can be summarised as:356

1. Stress concentration factor, fatigue notch factor and notch sensitivity were obtained357

for the different geometries. The fatigue notch factor was increasing with deceasing358

notch radius. For the v-notched specimens, a notch sensitivity between zero and one359

was obtained, while for the semi-circular specimens, a notch sensitivity above one was360

obtained. This effect was assigned to the poor surface quality obtained building down-361

ward facing surfaces. It is also suggesting that the values obtained, when evaluating362

notch sensitivity of AM as-built specimens, are not valid as a material parameter, but363

rather as a material-component parameter.364

2. The scatter in fatigue life and the scatter in the position of failure, with respect to365

the notch bisector line, in specimens was reduced with deceasing notch radius. This366

effect was assigned to the interaction between global and local stress risers, i.e. notch367

geometry and local defects from overhanging region. For low stress concentration from368

the notch geometry, the local defects are the stronger mechanism, and a large scatter369

is seen, while for stronger stress concentration from the notch geometry the failure is370

localising at the notch root.371

3. All specimens were found to fail from defects in the surface region. The unnotched372

specimens failed from localised defects, while the notched specimens failed from larger373

defects, caused by lack of fusion, distributed along the whole edge of the notch. A374

strong dependency between the area of the defect and placement in confidence bands375

was found for unnotched specimens; a weaker dependency was obtained for notched376

specimens.377

4. A diagram relating the scatter in failure position, with respect to the notch bisector378

line, to the notch acuity was proposed. The diagram gives an indication whether the379

notch geometry or the local defects is the driving mechanism for fatigue, and where380

failure can be expected in a notch geometry.381
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5. The fatigue data was analysed by means of ASED. The analysis showed that it was382

possible to present specimens failing from the notch root, or in the region close to it,383

in unified scatter bands.384
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Nomenclature

AM Additive Manufacturing
ASED Average Strain Energy Density
CT Computed Tomography
FE Finite Element
HIP Hot Isostatic Pressing
PBF Powder Bed Fusion
SED Strain Energy Density
SEM Scanning Electron Microscopy
SLM Selective Laser Melting
2α Notch opening angle
a, d Crack/Notch depth
a0 Lower threshold value of notch depth
a∗ Short crack/notch
Ad Total defect area
∆KI Notch Stress Intensity Range
∆σ Stress range
∆σS Stress range unnotched specimen
∆σN Stress range notched specimen
E Young’s Modulus
h Failure site in notch
h0 Height of notch opening in build direction
KV
I Generalised stress intensity factor

k Inverse slope of scatter bands
Kf Fatigue notch factor
Kt Stress concentration factor
λI Eigenvalue of Willams’ series
Nf Number of cycles to failure
q Notch sensitivity
R Loading ratio
R0 Critical radius
r0 Centroid of critical radius
ρ Notch radius
σt Tensile strength
σmax Maximum stress
T∆σ Scatter parameter
W̄ Average Strain Energy Density
Wc Critical Average Strain Energy Density543
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