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Abstract 

The fatigue life estimation of additively manufactured structures can be a very challenging task, because the 
component behaviour will be influenced by many parameters, such as surface roughness, imperfections and 
inhomogeneous properties. Furthermore, the loading conditions and the component geometry have to be taken into 
account. The problem of considering the singular influences adequately is intensified by their interactions, which 
invokes a simultaneous treatment of all relevant influencing factors. Without predefinition of the fatigue approach, 
properties to describe the cyclic aspects of component behaviour and the fatigue life are required. Even in the case 
of using small sized specimens, it is not possible to produce a defect-free material for studying the behaviour of 
sound material in order to derive cyclic material properties as a requirement for the local strain-based fatigue 
concept, or in order to derive a reference SN-curve and knock-down factors for load-based concepts.    
Analysing the microstructure offers additional information about the local material state, because, depending on the 
lightening strategy, the material can be divided into different areas (up-skin, down-skin, contour, core, etc.) with 
characteristic distributions of imperfections. In order to use a conventional fatigue approach method, this 
information is not sufficient, because the interaction of statistically distributed imperfections is superimposed on the 
effect of singular defects. Due to these reasons and after introducing a new interpretation of the measured stress and 
strain, a fatigue approach will be discussed, which is based on a combined experimental and numerical derivation of 
the required local properties of the so-called representative structure elements.  
In addition to the reduced numerical effort compared to the conventional approaches, a combined experimental and numerical 
derivation of RSE properties is enabled. 
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1. Introduction 

Many parameters have an influence on the material behaviour of cyclically loaded components. Compared to 
conventional manufacturing technologies, the number of parameters is increased drastically in the case of additively 
manufactured components. In order to perform a high quality numerical fatigue approach, it is important to consider 
these influencing factors in an adequate manner. Apart from the mean stress and notch geometry, influences caused 
by the production process, such as, for example, a gradient of material properties along the cross section or the 
influence of the load frequency, should be considered for a proper fatigue estimation. To take advantage of the 
lightweight potential of additive manufacturing technologies, the local component-related material behaviour should 
be characterised. The capabilities of current and up-coming computer generations allow a more detailed 
consideration of the (cyclic) material behaviour during the process of numerical stress and strain analyses. To take 
advantage of these possibilities and with respect to an improved fatigue approach, existing experimental limits, such 
as limited test frequencies, have to be overcome. Furthermore, the industrial needs of reducing the number of 
material properties and increasing the relation between numerical fatigue approach accuracy and experimental effort 
have to be taken into account. Therefore, an increased knowledge of the component-related material behaviour is 
required in order to improve the conventional experimental procedure to derive the cyclic material properties as well 
as the numerical fatigue approach methods, especially in the case of additively manufactured structures, including 
also the multitude of influences on the fatigue behaviour of those components. With respect to an optimised degree 
of utilisation and, perhaps, a service life extension under service loading conditions, the damage mechanisms from 
Low Cycle Fatigue up to the Very High Cycle Fatigue regime have to be considered. Due to the pores and surface 
roughness of additively manufactured structures, the Very High Cycle Fatigue regime is a matter of particular 
interest, because the existence of an endurance limit is more than questionable. 

2. Representative Structure Elements 

In order to perform a fatigue approach of cyclically loaded components, a variety of more or less different 
methods exists. These methods can be stress- or strain-based and can differ in the assumed material behaviour. The 
stress-based fatigue approach concepts use linear-elastic stress-strain behaviour and presume a homogeneous 
property distribution. On the other hand, the basic idea of strain-based fatigue approach concepts is to describe the 
local material behaviour assuming an identity between the material behaviour of a homogeneously loaded cross 
section of finite dimensions and an infinitesimally small, and therefore homogenously loaded, material volume at 
the notch root. Independent of the fatigue approach concept used and important for a high quality fatigue approach, 
it is important to consider the main effects on the fatigue in a suitable manner.  

In the case of additively manufactured components, the microstructures are diverse, because the exposure 
strategy can influence the resulting microstructure. Therefore, the cyclic properties should be evaluated by 
considering the local scanning parameters, in order to generate suitable local material properties for a numerical 
fatigue approach. Dealing with local material properties implies the use of a local strain-based fatigue approach 
concept to evaluate the damage impact of a load-time history. Thus, the Fatigue Life Curve, a continuous S-N curve 
from the Low Cycle Fatigue up to the Very High Cycle Fatigue regime, should be used to describe the strain 
amplitude vs. the number of cycles to failure relation. Due to the basic idea of the local strain-based fatigue 
approaches, the cyclic properties usually describe the fatigue behaviour of an infinitesimally small material volume. 
Therefore, polished specimens with a homogeneous microstructure are required. Even through the use of sub-sized 
or small specimen geometries, it is, in most cases, impossible, or at least very challenging, to generate such 
specimens. Normally, the microstructures of additively manufactured specimens look like the laser powder bed 
fusion specimen shown in Fig. 1. 
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Fig. 1: Microstructure of an additively manufactured notch detail (schematically) 

 
Depending on the exposure strategy, two types of microstructure can be distinguished. The first one represents 

the bulk and the second one the contour material. Furthermore, an influence of up- and down-skin is visible, which 
is characterised by the presence of an increased porosity for the down-skin region. With respect to the 
microstructure, it is not possible to define an infinitesimally small material volume, representing all the different 
microstructural morphologies. On the other hand, up to now, it is not possible to predict the position and size of 
every pore, but, based on experience, the region, where pores occur, is assessable.       

Another impact factor on the fatigue is the surface. In order to achieve a smooth surface, an additional set of 
scanning parameters is used for the lightening of the contour. By this expedient, the resulting surface roughness is 
quite low, as long as no support structures are required to achieve the geometry. If support structures are required, 
this influences the contour material even after the structures have been removed, because they change the mass 
distribution and therefore the local cooling conditions. 

Finally, the main disadvantage of the local strain concepts is the transferability from the material properties 
derived with sound material to the component-related material behaviour, which is characterised by imperfections 
such as pores and technical surfaces. In order to close this gap within numerical fatigue approach transfer concepts, 
accounting for property gradients, size effects etc. are used to manipulate the stress-strain and the strain-life curve. 
Keeping the heterogeneous microstructures of additively manufactured components in mind, structure elements, 
which are correlated to the exposure strategy, can be defined, Fig. 2. Therefore, three different orders are used 

- First order: Structure elements of the first order describe the sound material behaviour. So far, they can be 
assumed as being equivalent to the conventional cyclic material properties. 

- Second order: Structure elements of the second order consider the influences of pores and surface 
roughness 

- Third order: Beside pores and surface roughness, the structure elements of the third order contain the 
interaction between different microstructures, possibly caused by different scanning strategies. Therefore, they are 
suitable for the consideration of the different microstructures of contour and core material. 

Testing additively manufactured specimens means investigating the representative structure element’s behaviour 
of the third scale.   
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Figure 2: Definition of representative structure elements (schematically) 

 

3. Cyclic material behavior 

3.1 Low Cycle Fatigue to High Cycle Fatigue 
 

Investigating the cyclic material behaviour in the Low Cycle Fatigue regime up to the High Cycle Fatigue regime 
requires strain-controlled fatigue tests. In order to describe the cyclic material behaviour, the stress-strain curve, 
according to Ramberg and Osgood (1943) and the strain-life curve, according to Coffin (1954), Manson (1965), 
Basquin (1910), and Morrow (1965), are used. Normally, the local stresses and strains, obtained in cyclic tests with 
polished specimens, are used to describe the material behaviour. In the case of additively manufactured components 
and specimens, they merely represent structural stresses and structural strains, because of the inhomogeneity of the 
material.  

Due to the short number of cycles to failure in the Low Cycle Fatigue regime, the limited test frequencies are not 
a relevant criterion for the selection of suitable test systems. Traditionally, the strain-controlled fatigue tests are 
performed with constant amplitudes, while knowing that the cyclic stress-strain behaviour can be influenced by the 
load sequence. Hence, different stress-strain behaviour can be observed for constant and variable amplitude loading. 
Responsible for the different stress-strain behaviours is the slip behaviour of the material. In order to perform an 
adequate numerical fatigue approach, firstly the actual stress-strain state should be calculated. Keeping in mind that 
the stress-strain behaviour can depend on the load-time history, a test sequence is required to derive the suitable 
component-related material behaviour under service loading conditions. In the past, several load-time histories have 
been introduced, but only the Incremental Step Test by Landgraf et al. (1969) seems to be the best compromise, 
considering the experimental effort and reproduction of the service loading conditions discussed by Polak et al 
(1977), Christ (1998), and Wagener (2007). 

Fatigue tests with constant amplitude are required to derive the Fatigue Life Curve from the Low Cycle Fatigue 
regime up to the High Cycle Fatigue regime. This means that, as long as a plastic strain portion can be observed, the 
derivation of the Fatigue Life Curve takes place with strain-controlled constant amplitude tests. In order to consider 
the impact of the glide characteristic within a numerical fatigue approach, Incremental Step Tests should be 
performed and evaluated.        

 
3.2 High Cycle Fatigue to Very High Cycle Fatigue 
 

Fatigue testing in the regimes of High Cycle Fatigue and Very High Cycle Fatigue is very time consuming. 
Increasing the test frequency is a simple way to reduce the testing time.  This procedure is admissible, so long as the 
resulting fatigue strength is not influenced by the frequency. For the research and the characterisation of the material 
behaviour in the High Cycle and Very High Cycle Fatigue regimes at a specimen level, this method is approved and 
the state of the art already exists. A strategy to accelerate fatigue testing has to consider some boundary conditions, 
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such as specimen heating and corrosion effects, as these will influence the resulting fatigue strength and fatigue life. 
To provide high frequency cyclic testing, the specimen stiffness and the required displacement are two of the most 
important parameters to be monitored. Therefore, the test frequency of cyclic tests under axial loading is typically 
higher than under bending or torsional loading.  

With respect to service life extension, some key drivers, such as imperfections, e.g. pores, surface roughness, the 
wish to use the full lightweight design capacity of additively manufactured structures, the knowledge of the fatigue 
behaviour and the impact of influences on this behaviour, have to be considered.  

Above 1ꞏ106 cycles, the advantage of high frequency testing is noticeable. For this reason, the increase of the 
testing frequencies to determine the fatigue behaviour in the high cycle and very high cycle fatigue regimes is 
necessary, in order to achieve:  

- Service life extension 
- Relevant damage contribution of low amplitudes for the fatigue life assessment 
Due to the time consumption, it is usual for fatigue testing to stop the test run at 1ꞏ107 cycles, even when an 

indication of damage such as crack initiation is not noticeable. For this reason, Gaßner and Pries (1941) also 
recommended carrying out fatigue tests at least up to 1ꞏ108 cycles. To consider this change, Sonsino (2007) 
suggested reducing the fatigue strength at the knee point of the Wöhler-curve by a factor of 5% for steel or rather 
10% for aluminium alloys and welding joints for each decade.  

Test frequencies should be increased without changing the specimen geometry to provide an effective 
transferability of test results. In this way, a comparison can be performed with respect to the fatigue results in 
different testing regimes 

 
3.3 Fatigue Life Curve 
 

Keeping the strategy aim of a continuous Wöhler-curve in mind, optimised test facilities for elastic-plastic and 
macroscopic elastic stress-strain behaviour is the first step, but is worthless without a method to describe the strain- 
or stress-life curve. A continuous Wöhler-curve from the Low Cycle Fatigue regime up to the Very High Cycle 
Fatigue regime should be strain-based, because it is not possible to derive the SN-curve in the Low Cycle Fatigue 
regime under stress control. On the other hand, in the case of macroscopic elastic material behaviour, there should 
be no difference between stress- and strain-controlled fatigue test results. The concept of the Fatigue Life Curve 
according to Wagener and Melz (2017, 2018) fulfills these boundary conditions, as shown in Figure 3. In the case of 
additively manufactured specimens, the obtained stresses and strains within a fatigue test should be interpreted as 
structure stresses and structure strains. The combination of strain- and stress-controlled fatigue tests reduces the 
required experimental test effort and increases the output quality, because, in addition to the fatigue curve, the cyclic 
stress-strain behaviour can be investigated. 

Fig. 3: Fatigue Life Curve in the RSE strain – number of cycles to failure Nf regime 
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Figure 2: Definition of representative structure elements (schematically) 
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Furthermore, the course of the Fatigue Life Curve in the third regime can be modified according to the Miner-
modification as proposed by Wagener (2007) and Wagener & Melz (2017, 2018) in order to consider the damaging 
influence of the cycles related to the first and second regimes.  

4. Numerical support to derive representative structure elements 

The usage of stress-controlled fatigue tests reduced the experimental effort to derive the cyclic behaviour. 
Nevertheless, the required test campaign to consider all local combinations of different microstructures and 
imperfections is still too large. On the other hand, the definition of RSEs of different orders enables a stepwise 
numerical support using well-established fatigue approach methods. For example, using fracture mechanics it is 
possible to calculate the fatigue life of a cube of sound material with one pore. To describe the associated RSE of the 
second order, instead of the local stress and strain global properties, parameters will be used, such as nominal stress, 
strain, effective stiffness of the cube, average cube displacement, etc., Figure 4.  

Fig. 4: Comparing RSE of first and second order 

 
Within the design process, the occurrence of pores and imperfections is not known, but based on experience and 

depending on the exposure strategy, their statistical distribution can be approached. Furthermore, and keeping in 
mind that every additively manufactured structure will have another distribution of imperfections, it is not possible 
to derive all required properties experimentally. Sometimes, even within the same build job, the defect population 
can vary greatly, precluding the investigation of local properties in a consistent framework. 
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Furthermore, the course of the Fatigue Life Curve in the third regime can be modified according to the Miner-
modification as proposed by Wagener (2007) and Wagener & Melz (2017, 2018) in order to consider the damaging 
influence of the cycles related to the first and second regimes.  
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Nevertheless, the required test campaign to consider all local combinations of different microstructures and 
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possible to calculate the fatigue life of a cube of sound material with one pore. To describe the associated RSE of the 
second order, instead of the local stress and strain global properties, parameters will be used, such as nominal stress, 
strain, effective stiffness of the cube, average cube displacement, etc., Figure 4.  
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