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Abstract
A novel defect-based fatigue model for the prediction of S–N (stress versus number of cycles) data points and curves is pro-
posed in this paper. The model is capable of predicting the material fatigue performance based on defect size and location 
from the surface. A defect factor was introduced and obtained based on notch theory, which considers the notch sensitivity 
of the material as well as the stress concentration obtained using the finite element method. A newly developed equation was 
applied to represent the relationship between the defect factor, defect size and defect location from the surface. AlSi10Mg 
samples were manufactured using laser powder bed fusion, and then machined. The samples were tested under rotational 
bending cyclic loading until failure. The failed samples were analysed using scanning electron microscopy and it was found 
that cracks initiated from defects located at the surface. The measured defect size and location were used to predict the num-
ber of cycles for an applied stress using the proposed defect-based fatigue model. This model was validated by comparing 
the predicted and experimentally obtained S–N data. The proposed model has the potential to be applied to component-
level fatigue assessment and integrated into industrial quality assurance workflows. For instance, defects can be measured 
for each produced industrial component and directly assessed against fatigue performance using the developed defect-based 
fatigue model. This could enable the rapid approval and certification of future additively manufactured industrial components, 
which can unleash the commercial potential of additive manufacturing for light-weight multi-functional component designs.
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1 Introduction

Additive manufacturing (AM) technologies, in particular 
laser powder bed fusion (LPBF), have been widely used to 
deliver designs with complex geometries enabling light-
weighting and more functionality. However, besides the 
potential of AM to produce complex parts for industry, the 
formation of defects during the process introduces chal-
lenges [1]. Regardless of the current existence of advanced 
AM technologies with optimised AM process parameters, 
the occurrence of defects is almost unavoidable and it can 
lead to failure for AM manufactured parts, especially in 
applications subject to cyclic loads and fatigue [2–4]. The 

generation of defects can be due to lack of fusion, delamina-
tion, trapped gasses and unmelted particles [5]. AM machine 
variability (i.e., interactions between the beam source and 
the material, and geometry) has resulted in inconsistent 
microstructures as well as defects [6]. In this regard, the AM 
defect characteristics such as size, location and morphology 
are dependent on the process parameters (i.e., input energy, 
powder characteristics, scanning strategy, scanning speed, 
hatch spacing, layer thickness and build direction).

Brandao et al. [7] evaluated AlSi10Mg samples pro-
cessed by LPBF using X-ray tomography and found pores 
in the range of 0.02%-0.77% of the volume which are highly 
dependent on the process parameters. Tang and Pistorius 
[8] reported that the building direction and differences in 
hatch distance resulted in different pore sizes and shapes 
which affected the fatigue performance for LPBF AlSi10Mg 
samples. Larrosa et al. [9] used computer tomography (CT) 
to conclude that pores were the trigger for crack initiation. 
Findings from Zhao et al. [10] showed that fatigue cracks 
originated from external or subsurface circular gas openings 
and the fatigue lifespan of LPBF samples depend on the 
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direction of the build, and those built in the vertical direction 
showed a lower fatigue strength. Romano et al. [11] used 
X-ray micro-CT data to predict the fatigue limits of compo-
nents. A study by Andreau et al. [12] highlighted the signifi-
cance of near-surface pores as initiators of critical cracks. 
Benedetti et al. [13] indicated that pores nearer the surface 
(in the outermost 400 μm impenetrable layer) steered the 
commencement of cracks. Shrestha et al. [14] also reported 
crack initiation from near-surface pores. For AlSi10Mg pro-
cessed with LPBF, Raja et al. [15] reported, based on their 
conducted literature review, that fatigue cracks mainly initi-
ate from pores as well as inclusions and surface roughness 
of large depths (for as-build and non-machined surfaces).

One of the key research questions is how to relate defects 
to fatigue life. Different approaches have been researched 
to find the relationship between defects, applied stress and 
number of cycles to failure. Finite element analyses (FEA) 
have been employed to understand the effect of defects on 
the stress field and potential fatigue performance [16, 17]. 
The FEA is capable of predicting the local stress for a mod-
elled defect. However, the predicted local stress field needs 
to be related to the number of cycles to failure. One of the 
applied approaches is the fracture mechanics theory, where 
the stress intensity is related to a number of cycles for an 
applied load [18]. This method requires further testing to 
obtain the fracture mechanics properties. Another approach 
is the use of machine learning methods (e.g., artificial neural 
network) which can be employed to find the relationship 
between defect characterisation, applied stress and number 
of cycles [19]. This approach would require a large set of 
data to train the model.

Despite the existing research in understanding the impact 
of defects on the fatigue performance, there is a lack of 
understanding of how to relate fatigue strength, number of 
cycles and defect characteristics, in particular defect size 
and location. The novelty of this paper is the development 
of a fatigue model capable of predicting S–N data points 
and curves based on the size and location of defects. The 
fatigue model is validated for machined AlSi10Mg samples 
produced by LPBF in the vertical direction.

2  Research methods

2.1  Experimental procedures

AlSi10Mg samples were manufactured on the LPBF EOS 
M290 machine. The samples were built in the vertical 
direction using a layer thickness of 60 µm, a laser power 
of 400 W, a laser scanning speed of 1 m/s, hatch spacing 
of 0.2 mm, laser beam diameter of 0.1 mm and preheated 
baseplate to 35℃. EOS Aluminium AlSi10Mg powder with 
partials size in the range of 25–70 µm was used. The powder 

is compliant with DIN EN 1706 (EN AC—43,000). No heat 
treatment was applied to the samples after printing. The 
samples were designed and manufactured with a stock allow-
ance (extra material) of 0.25 mm. The extra material was 
machined using turning to produce the desirable dimensions, 
including a minimum diameter of 4 ± 0.05 mm. The turn-
ing was conducted by a form tool that matched the required 
radius of the sample. The surface roughness after machining 
was measured to be  Ra = 0.51 ± 0.23 µm.

All fatigue samples were tested on a rotational bending 
machine with a stress ratio (ratio of minimum to maximum 
fatigue stress) of R = − 1 at a frequency of 40 Hz. After the 
samples were fractured, the surfaces were analysed using 
scanning electron microscopy (SEM) to identify the location 
of the crack initiation as well as the size of the defect. The 
JSM-7100F LV SEM (JEOL UK) was operated in secondary 
electron imaging mode at an accelerating voltage of 15 kV. 
The working distance used was 10–15 mm depending on the 
field of view required. All fractured samples were examined 
without coating or pre-treatment.

2.2  Defect‑based fatigue model

The fatigue model for prediction of S–N curves presented by 
Serjouei and Afazov [20] was used in this study as the basis 
for understanding the concept of the defect factor using the 
endurance limit. The authors used this model to identify the 
defect factor for a stainless steel 316 produced by LPBF with 
various post-processing conditions. In this study, the model 
is further advanced to consider the defect size and location 
using the defect factor. The model considers the stress ratio 
(mean stress effect based on the Goodman’s approach) and 
predicts the fatigue stress range at  103 and  106 cycles by:

where the fatigue stress range ( �f
r) is expressed as a function 

of the ultimate tensile strength ( �u ) defect factor ( d ) and 
stress ratio (R). The ultimate tensile strength of AlSi10Mg 
processed on the EOS 290 M using a layer of 60 µm is 
440 MPa [21]. For comparison, AISi10Mg samples pro-
duced by LPBF without any applied heat treatment is in the 
range of 400 – 465 MPa [22, 23]. Based on the prediction 
of two points of the S–N curve, the relationship between the 
fatigue stress range, �f

r  , and the number of cycles to failure, 
Nf  , is obtained by fitting using:

where A and n are material constants obtained after fitting.

(1)�
f
r
= 1.8�u at 10

3 cycles,

(2)�
f
r
= �ud∕(1 + 0.5d(1 + R)∕(1 − R)) at 106 cycles,

(3)�
f
r
= ANf

n,
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The defect factor, d , was obtained empirically by Serjouei 
and Afazov [20] by fitting the defect factor to fatigue data 
to create a S–N curve representing the lower band of the 
data, which can be considered as a conservative approach 
from design perspective. In this study, the goal is to find a 
relationship between the defect factor and defect character-
istics (size and location). This is done using the concept of 
fatigue stress concentration factor. The relationship between 
defect factor ( d ) and fatigue stress concentration factor ( kf  ) 
is given by [24]:

The fatigue stress concentration factor is a function of the 
static stress concentration factor ( kscf  ) which depends on the 
geometry and loading, as well as the notch sensitivity ( q ). 
The relationship is given by [24]:

The static stress concentration factor is obtained using 
FEA described in Sect. 2.3. The notch sensitivity factor is a 
function of the notch diameter [25]:

where D is the diameter of the notch and a is a material con-
stant. The material constant a is dependent on the ultimate 
tensile strength for steel as reported in [24]. The increase 
of the ultimate strength in steels could be associated with 
reduction of ductility (elongation), hence increasing the 

(4)d =
1

kf
.

(5)kf = 1 +
(

kscf − 1
)

q.

(6)q =
1

1 +
a

D

,

brittleness. In this study, the material constant a is obtained 
based on published notch sensitivity data for aluminium 
2024-T6 (see Fig. 1). The ultimate tensile strength of this 
aluminium series is 427 MPa, which is comparable with 
440 MPa for AlSi10Mg. Also, the elongation for 2024-T6 is 
approximately 5%, which is comparable with approximately 
6% for AlSi10Mg [21]. Figure 1 shows the fitted Eq. 6 with 
a = 0.75. It needs to be noted that the notch diameter repre-
sents the dimeter of a defect with a spherical shape.

2.3  Finite element model

A plane stress 2D finite element model is created in 
ANSYS to represent different sizes and locations of a 
spherical defect. The maximum stress is in the direction of 
the applied load; therefore, a 2D plane stress model is suf-
ficient to capture the maximum stress needed to obtain the 
stress concentration factor. The modelled internal defect 
is shown in Fig. 2. Quadratic 8-node elements were used 
to generate the mesh. The edge of the modelled defect 
was split into small partitions of 1 µm for all modelled 
defect sizes and locations. This created a refined mesh 
around the modelled defect (notch). A Young’s modulus 
of 71 GPa and Poisson’s ratio of 0.3 were assigned in an 
elastic material model. A nominal stress of 1 MPa was 
applied in the form of a pressure in the opposite direction. 
Boundary conditions were applied to represent a quarter 
of a model as depicted in Fig. 2. The zero displacements 
in the y direction are applied to represent a symmetry of 
a defect. The zero displacements in the x direction are 
applied to avoid rigid body motion. Also, this boundary 
condition is applied far from the defect to enable real-
istic prediction of the maximum stress. Static structural 
analyses were performed to predict the maximum principal 
stresses. The stress concentration was found as the ratio 
between the predicted maximum principal stress and the 

Fig. 1  Adopted notch sensitivity factor vs notch diameter for 
AlSi10Mg Fig. 2  Finite element model created in ANSYS
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applied nominal stress of 1 MPa. The defects were mod-
elled with diameters (D) of 50 µm, 125 µm, 250 µm and 
500 µm at distances from the surface (L) in the range of 
25–400 µm.

3  Results and discussion

Following the experimental procedures from Sect. 2.1, the 
results from the fatigue testing (R = − 1) of the machined 
AlSi10Mg samples produced by LPBF in the vertical 
direction are shown in Fig. 3. The results are compared to 
experimental test data of machined samples for the same 
stress ratio (R = − 1). It can be seen that the produced data 
in this study aligns with the trends from the literature. A 
key point from the scattered data in Fig. 3 is that the fatigue 
strength of the AlSi10Mg is greatly dependant on the pres-
ence of defects  generated during LPBF  using  different 
machines with various process parameters and post-process 
conditions.

The broken samples were analysed using SEM. The 
analyses included the following steps: (i) identification of 
the location of the crack initiation; (ii) identification of the 
defect that has caused the crack initiation; (iii) measure-
ments of the defect size and its location from the surface. 
Figure 4 shows a SEM micrograph for one of the samples 
where the crack initiated from a defect (a pore) located at 
the surface. The pore can be assumed to have a “spherical” 
shape with a diameter of 142 µm. It was also observed for 
the remaining test samples that the critical cracks initiated 
from a pore with a “spherical” shape located at the surface. 
The diameters of all pores that initiated the cracks were 
measured to be in the range of 75–142 µm. In comparison, 
Romano et al. [31] reported measured defects in the range 
25–500 µm for AlSi10Mg processes by LPBF.

To correlate defect size and location to fatigue strength 
and number of cycles, the results from the finite ele-
ment model are first analysed. Figure 5 shows the stress 

Fig. 3  Fatigue testing results and comparison with data from the lit-
erature

Fig. 4  SEM analyses of a 
broken sample showing: (a) the 
location of the crack initiation; 
(b) the size of the defect

Fig. 5  Stress concentration predictions using the FE model for L > 0
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concentrations predicted with the finite element model for 
modelled spherical pores with different diameters and loca-
tions from the surface. The stress concentration increases 
by decreasing the distance to the surface (L). The location 
of the highest stress consecration is at the side close to the 
surface. The observed trend reveals that the stress concentra-
tion increases exponentially by decreasing L. The main pur-
pose of the predicted stress concentrations was to obtain the 
defect factors for each of the modelled pores. Figure 6 shows 
the calculated defect factors based on the stress concentra-
tions obtained from the finite element model. The general 

trend is that the defect factor decreases by increasing the 
diameter of the defect. Also, the closer a defect is to the 
surface, the lower the defect factor is. 

Based on the calculated defect factor, a new equation (see 
Eq. 7) is proposed to provide the relationship between the 
defect factor (d), the defect size (D) and location from the 
surface (L):

Figure 6 shows the capability of the equation to repre-
sentatively fit the calculated defect factors. It should be 
noted that for D = 0 and L = 0, the equation will produce a 
mathematical error. Therefore, a small negligible value such 
as  10–7 mm should be added to D and L (units in mm). Also, 
Eq. 7 would predict values for the defect factor (d) greater 
than 1 for small sized defects located in the sub-surface (e.g., 
defects smaller than 25 µm at a distance from the surface 
greater than 250 µm). In those cases, the values should be 
truncated to 1.

To validate the proposed model, the measurements for 
the defect size from the SEM are used as an input into Eq. 7. 
As discussed, the critical cracks initiated at the surface for 
the eight tested samples, thereby it is used that L = 0. After 
the defect factor is calculated for each defect that initiated a 
crack, the S–N curves were created for each defect. Based on 
the created S–N curves, the number of cycles were predicted 
for the applied nominal stress during the rotational bending 
testing. Figure 7 shows the predicted and experimentally 
obtained data points. The proposed model is in close cor-
relation with the experimentally obtained data points; hence, 

(7)d = 1 −
1

1 +
0.06

D

+
1

0.9ln
(

1 +
1

D
+ 15D

)

+
D

4L

.

Fig. 6  Calculated and represented defect factors with Eq. 7

Fig. 7  Validation of the defect-
based fatigue model
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it could be applied in fatigue life assessment workflows. It 
needs to be pointed out that the validation is for defects at 
the surface. There might have been defects with a greater 
defect factor within the tested samples, but cracks did not 
initiate at those defects during the rotational bending testing 
because the stress within the material is lower than the stress 
at the surface. For instance, a very large defect at the centre 
of the sample might have the greatest defect factor, but a 
crack would not initiate in rotational bending at that defect 
because the stress would be very low (zero at the absolute 
centre from the bending theory). Uniaxial fatigue testing can 
provide uniform distribution of the applied nominal stress 
across the cross section of the samples enabling the initia-
tion of cracks at defects in the bulk of the material for cases 
where the defect factors are greater than those at the surface.

The advantage of the proposed model is that it can be 
directly implemented in existing industrial workflows for 
fatigue assessment. For instance, all methods for stress anal-
yses (e.g., finite element analyses) of fatigue load cases do 
not need to be changed because there is no need to model 
the defect into the geometry. The defect can be characterised 
by CT scanning (size and location) and the defect factor 
can be directly calculated to create an S–N curve for each 
defect. Knowing the position of the defect relative to the 
geometry and the predicted stress field (e.g., from finite ele-
ment analyses), the number of cycles or the fatigue damage 
(e.g., Miner’s rule) can be calculated. This fatigue assess-
ment approach has the potential to be applied to other AM 
technologies as well as welding and casting where pores are 
also generated.

Another advantage of the proposed model is that it can 
consider the mean stress effect using the stress ratio (R). 
This is particularly relevant for industry applications where 

materials are subject to transient loads and the stress ranges 
can undergo tension-tension, tension–compression or com-
pression-compression loading conditions. This means that 
the material will experience different mean stress (R ratio) 
for each loading and unloading. As the proposed model 
is capable of capturing the mean stress effect, it can be 
employed into established fatigue assessment methodolo-
gies (e.g., fatigue damage calculations incorporating rain-
flow algorithms [32]). To understand the effect of the R ratio 
on the fatigue properties, Fig. 8 shows predicted S–N curves 
for R ratio values representing tensile mean stress (R = 0.5 
and R = 0.1), zero mean stress (R = − 1), and compressive 
mean stress (R = − 5 and R = 10) effects for a given surface 
defect of 125 µm using the proposed defect-based fatigue 
model. It should be noted that the compressive mean stress 
at R = − 5 and R = 10 represents compression-tension and 
compression-compression loading conditions, respectively. 
The predicted S–N curves clearly show the expected trend 
that the compressive mean stress increases the fatigue per-
formance in contrast to the tensile mean stress. The pre-
dicted S–N data at R = 0.1 are comparable to the S–N data 
tested for AlSi10Mg samples and “wishbone” components 
of comparable defect sizes [33]. Figure 9 shows the impact 
of the R ratio on the predicted fatigue stress range at  107 
cycles for different sizes of a surface defect. The predicted 
results show that the R ratio has a greater impact on the 
fatigue performance for small in size surface defects. This 
indicates that for small in size surface defects (less than 
50 µm) subject to compressive mean stress, the material 
can withstand greater stress ranges. The same is valid for 
internal defects because the defect factor is greater in the 
bulk of the material (see Fig. 6). 

Fig. 8  Effects of the R ratio on the predicted S–N curves for a surface 
defect with a size of 125 µm

Fig. 9  Effects of the R ratio on the relationship between fatigue stress 
range at  107 cycles and size of a surface defect
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The current model assumes that a crack is initiated in a 
single defect. In AM, the porosity is randomly distributed, 
and multiple scenarios can be present. For instance, the larg-
est defect factor for a single defect could be greater if sur-
rounded with other defects, or if a group of defects are close 
to each other. The presented model can address those effects 
by obtaining the stress concentration for different scenarios 
and predict the defect factor and the S–N curves.

4  Conclusions

A novel defect-based fatigue model was developed and val-
idated against fatigue data obtained in rotational bending 
testing of machined AlSi10Mg samples produced by laser 
powder bed fusion. The model showed that it is capable of 
generating an S–N curve for a defect based on its size and 
location from the surface. This can enable the detailed life 
prediction of industrial components based on identified 
defect size and location (e.g., through targeted X-ray com-
puter tomography) and their incorporation in the developed 
defect-based fatigue model.

The model can be applied to other additive manufacturing 
materials. This would require identifying the notch sensitiv-
ity of the material. It is a general rule that brittle materials 
are more sensitive to defects (notches) which could be a 
topic of further research in additive manufacturing.

To gain further confidence for the proposed defect-
based fatigue model, further validations are planned in 
the future. This includes validations at different stress ratio 
using uniaxial testing as well as manufacturing seeded 
defects in the samples to gain further confidence for the 
predictions at the bulk of the material. The defect aspect 
ratio could be researched and potentially incorporated into 
the defect-based fatigue model. The long-term vision is 
to integrate the proposed defect-based fatigue model into 
industrial workflows for life assessment of components 
subject to multi-axial loads as well as to enable rapid cer-
tification of designs using holistic digital tools.

Data availability The authors confirm that the data supporting the find-
ings of this study are available within the article.
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