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1. Introduction
Metallic parts and components made by additive manufacturing techniques are mostly processed by either a laser
or electron beam based systems in a layer-by-layer process called powder bed fusion (PBF-LB/M or PBF-EB,
respectively). The process with small melt pools and high cooling rates leads to possible entrapping of gas, key-hole
porosity or lack-of-fusion defects if the energy input is insufficient [1]. However, not only process-induced porosity
can be present in AM parts but also intended cavities e.g. in terms of internal cooling channels or based on a topology
optimized geometry [2]. As such defects can have an influence on the quasistatic and especially the fatigue behavior
it is important to be able to describe this influence by using already available defect-based models. Only then it is
possible to fully exploit the enormous opportunities which are offered by AM.
In the last years, a lot of research has been done regarding the influence of the process-induced characteristics of
PBF-LB/M materials on the mechanical behavior such as the microstructure, the mechanical properties and the
corrosion resistance [1]. Especially the fatigue behavior is either dominated by the rough process-induced surface or,
if the surface is post-treated, by internal defects in terms of gas porosity, key hole pores or lack-of-fusion defects which
can act as stress raisers [3,4]. Different approaches for the defect-based modelling and prediction of the fatigue
behavior were already investigated in terms of extreme value statistics [5], Kitagawa-Takahashi (KT) diagrams [6] or
the well-known √area-parameter model by Murakami [3,7].
In a previous study the authors already showed the applicability of the Murakami model for the estimation of the
fatigue strength of the PBF-LB/M austenitic stainless steel AISI 316LVM with artificial defects [8]. However, the
fatigue strength was underestimated for which the defect size of 1,000 and 1,500 µm can be the reason as the model
is mostly valid up to 1,000 µm [7]. As already mentioned another widely used model to describe the effect of defects
on the fatigue behavior is the so-called KT diagram [6,9]. The KT diagram was already used by Andreau et al. [10]
for PBF-LB/M AISI 316L steel with deterministic defects to describe the fatigue strength with defect diameters
between 210 and 850 µm. They found that there was a significant difference between unintended surface defects and
deterministic defects in the bulk material. While surface defects with sizes of √area ≤ 20 µm were already critical
under cyclic loading this was not the case for the deterministic defects with √area = 186 µm. This indicates that
subsurface defects are less detrimental for PBF-LB/M 316L steel. However, other AM materials such as AlSi10Mg
do not show such a behavior [6].
In general, the KT diagram describes the correlation of the fatigue strength Δσth (stress range) and the crack size of
length a (Eq. 1). It can be calculated if the threshold of the stress intensity factor (SIF) is known; Y is a geometric
factor depending on the position of the crack or defect.
∆𝐾𝐾𝑡𝑡ℎ

∆𝜎𝜎𝑡𝑡ℎ = 𝑌𝑌∙

(1)

√𝜋𝜋𝜋𝜋

The resulting diagram is schematically shown in Fig. 1 and consist of a horizontal line which is the intrinsic fatigue
limit Δσ0 of a defect-free material and the second line represents equation 1. The intersection in Fig. 1 is the so-called
intrinsic crack length a0 introduced by El Haddad et al. [11] which can be calculated according to Eq. 2.
1 ∆𝐾𝐾

𝑎𝑎0 = 𝜋𝜋 [𝑌𝑌∙∆𝜎𝜎𝑡𝑡ℎ ]
0

2

(2)
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Fig. 1: Influence of crack length a on fatigue limit Δσth according to Kitagawa-Takahashi [9] and El Haddad et al. [11]

The modification of the KT diagram was done as experimental results revealed that there is not a hard edge but a
smooth transition from Δσ0 to the line described by Eq. 1 [6]. Based on that Eq. 1 was modified by El Haddad et al.
[11] leading to Eq. 3. The geometric factor Y is based on the work by Murakami [7] and is either 0.65 for surface
defects or 0.5 for internal defects.

∆𝜎𝜎𝑡𝑡ℎ =

∆𝐾𝐾𝑡𝑡ℎ

𝑌𝑌∙√𝜋𝜋∙(𝑎𝑎+𝑎𝑎0 )

(3)

2. Material and testing setup
For the investigations cylinders were made by PBF-LB/M process on an EOS M290 system with their axis oriented
parallel to the build platform (parallel to x-y-plane; z is build direction). Detailed information about the manufacturing
process can be found in [8]. The powder was supplied by EOS GmbH named EOS StainlessSteel 316L which
corresponds to the austenitic stainless steel X2CrNiMo18-15-3 (AISI 316LVM, DIN 1.4441). The specimens had
either no intended defects (Reference) or cubic defects with 0.3, 1.0 or 1.5 mm edge length directly in the center of
the later gauge length.

Fig. 2: a) Specimen geometry for fatigue tests (dimensions in mm); b) microstructure of the PBF-LB/M 316LVM (x-z-plane) by optical
microscopy

For fatigue tests, specimens were machined out of the cylinders according to Fig. 2a) and polished to Rz ≤ 0.8 µm
to prevent failure initiating from the surface. The fatigue tests were performed on a servohydraulic testing system
Schenck PSB100 (Instron 8800 controller, 100 kN load cell). Testing parameters were set at a stress ratio of R = -1
(fully reversed tension-compression) and a testing frequency of f = 20 Hz. Stress ranges Δσ were chosen between

Felix Stern et al. / Procedia Structural Integrity 37 (2022) 153–158
Author name / Structural Integrity Procedia 00 (2019) 000–000

156
4

520 and 840 MPa until fracture or a maximum of 1E7 cycles. Fractographic analysis of the specimens was carried out
on a scanning electron microscope (SEM) Mira 3 XMU (Tescan).
3. Results and discussion
The microstructure of the investigated steel showed typical PBF-LB/M characteristics with meltpool boundaries
and columnar grain growth along the build direction (see Fig. 2b). Hardness in x-y-plane reached 239 ± 9 HV10 (plane
perpendicular to build direction z). Results from tensile tests [8] revealed a yield stress of 573 MPa and a tensile
strength of 673 MPa for the Reference batch with a fracture strain of almost 43%. The measured tensile strength is
almost 100 MPa higher compared to results of 316L by Andreau et al. [10].
The fatigue tests revealed that fatigue life directly depends on the size of the artificial defect with the defect-free
state and the specimens with 0.3 mm defects having the highest fatigue life compared to the other batches. The
individual fatigue life for each specimen can be taken from Table 1.
Table 1. Results of fatigue tests for the investigated batches. Data taken from [8].
Batch with corresponding fatigue life until fracture Nf [1E3]
Stress amplitude σa [MPa]

Stress range Δσ [MPa]

Reference

0.3

1.0

1.5

260

520

Run out

Run out

3,436.6

567.6

300

600

Run out

1,373.4

1,101.5

241.4

340

680

500.3

398.5

229.1

67.7

380

760

223.2

290.7

54.9

13.6

420

840

20.3

16.8

5.7

3.4

Fractographic analysis revealed that batch Reference and 0.3 only failed from the specimens’ surface without
visible defects (Fig. 3a). One specimen from batch Reference failed due to a defect below but in contact with the
surface. Further investigations showed visible slip bands including extrusions on the specimens’ surface causing crack
initiation and failure. Contrary to that all specimens from batch 1.0 and 1.5 clearly showed crack initiation and
propagation starting from the down-skin side of the artificial defect (Fig. 3b).

Fig. 3: Fracture surface of a specimen from a) batch 0.3 (σa = 300 MPa, Nf = 1,373,400) and b) batch 1.5 (σa = 340 MPa, Nf = 67,700)
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For the KT diagram the SIF threshold was taken from Riemer et al. as ΔK th = 3.0 MPa∙m1/2 at R = 0.1 [12] and
Eq. 4 [6] was used to calculate the SIF threshold for R = -1 with m being the slope of the Paris’ equation (m = 3.37).
𝑚𝑚

∆𝐾𝐾𝑡𝑡ℎ,𝑅𝑅 = ∆𝐾𝐾𝑡𝑡ℎ,𝑅𝑅0 ∙ √1 − 𝑅𝑅

(4)

By that, SIF threshold was estimated as ΔKth,R-1 = 3.8 MPa∙m1/2 and fatigue strength of the ‘defect-free’ reference
material was taken from fatigue results by linear interpolation of the data points as Δσw0 = 582 MPa. Both values can
be filled in Eq. 1, 2 and 3 to set up the KT and modified KT diagram shown in Fig. 4. The results from computed
tomography investigation were taken in terms of their √area-parameters for the starting crack sizes a of the artificial
defects. The defects all showed slightly smaller sizes than intended with √area of 0.27, 0.96 and 1.46 mm. Fatigue
limits Δσth for batches 0.3, 1.0 and 1.5 were taken accordingly to Δσw0 and approximated as 544, 500 and 420 MPa,
respectively.

Fig. 4: KT diagram including the results of the investigated batches. Results are based on stress range Δσ.

It is clearly visible, that KT-diagrams and the data points do not fit, indicating a much higher defect tolerance of
the investigated steel as expected by the model. The intrinsic crack length a0 can be calculated as 54 µm which is
significantly lower than the artificial defect of batch 0.3 with 270 µm which did not cause failure in the fatigue tests.
This is in accordance with the results from Andreau et al. [10] who found out that defects up to a size of 200 µm do
not impact the fatigue strength. In this work, even defects with a size of 300 µm did not influence the fatigue behavior
as the slightly lower fatigue strength compared to the reference only seems to be related to statistical scatter as no
difference in crack initiation was identified. Possible explanation for this high defect tolerance is mainly related to
two different aspects. First, the PBF-LB/M microstructure typically consists of a fine subgrain structure with local
interdendritic segregations of heavy elements [13]. Based on that and a relatively high dislocation density a so-called
dynamic or pseudo Hall-Petch effect leads to the high strength of PBF-LB/M 316L compared to conventionally
manufactured parts by promoting the formation of nano-twins and slowing down dislocation movement [13,14].
Second aspect is the different environment at the surface and inside of the artificial defect. While the surface and
surface defects are in contact with air, this is not the case for the internal defects where mostly process gas, here
nitrogen, is present. Jesus et al. discovered for a PBF-LB/M Ti-alloy that crack growth from artificial internal defects
is slower compared to defects with contact to the environment [15] which was realized by introducing a channel
through the shaft of the specimen. The environment, especially oxygen, can weaken the grain boundaries so that
intergranular crack growth is more likely to happen [10]. However, the trend of the data points shown in Fig. 4 indicate
that the KT-diagram could be applicable if the influence of the beforementioned mechanisms can be implemented in
the model.
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4. Conclusions
The influence of artificial internal defect size on the fatigue behavior of the austenitic steel 316LVM was clearly
shown. However, defects with a size of √area ≤ 300 µm did not cause failure but crack initiation was found to be at
the surface of the specimen. It was tried to describe the behavior by a defect-based model in terms of a KitagawaTakahashi diagram and an extension by El Haddad et al. The assumed stress intensity threshold taken from literature
for PBF-LB/M 316L steel resulted in an intrinsic crack length of a 0 = 54 µm which does not hold true for at least the
investigated internal defects. The 316LVM steel did show defect tolerance which was much higher than calculated by
the model. For that, the influence of this behavior in terms of a pseudo Hall-Petch effect or the present environment
inside of internal defects has to be further investigated.
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