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Additive manufacturing (AM) using the powder bed fusion (PBF) process is building up the
components layer by layer, which enables the fabrication of complex 3D structures with
unprecedented degrees of freedom. Due to the high cooling rates of the AM process, fine
microstructures are generated. This leads to an improvement in quasistatic properties
such as tensile strength, whereas the fatigue strength is comparable to that of
conventionally manufactured metal or even reduced. This is due to the presence of
process-induced defects formulated during the manufacturing process in combination
with the increased notch stress sensitivity of high-strength metals. In this work, the fatigue
damage assessment using different approaches like those of Murakami and Shiozawa for
three AM alloys (AlSi10Mg, 316L, and TNM-B1) containing defects is studied for better
understanding of capability and mechanisms. Moreover, the effect of the lightweight
potential is investigated, and how the specific material density can be considered when the
fatigue damage tolerance is characterized.
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1 INTRODUCTION

The AM process can produce complex near net shape parts, for example, with internal cooling or
heating channels, bionic structures, or dental implants that conventional manufacturing processes
cannot (Bose et al., 2013; Wang et al., 2016). AM processes have been rapidly advancing into various
industries, such as aerospace, automotive, medical, architecture, and construction. They are now not
only used in the visualization and prototyping stages but also transferred into functional and actual
part replacement, which opens further design possibilities and challenges (Al Rashid et al., 2020).
Laser powder bed fusion of metals (PBF-LB) and electron beam powder bed fusion (PBF-EB) are
competitive processes due to their ability to produce complex and precious parts. While PBF-LB
shows better surface roughness and lower production costs than PBF-EB (Merkt et al., 2015), the
high process temperatures and vacuum atmosphere prevent cracking and oxidation in PBF-EB
(Körner, 2016). Although AM enables the fabrication of complex 3D structures with unprecedented
degrees of freedom, this can lead to structures and design issues inconclusively answered with respect
to part density, defect distribution, and fatigue behavior (Aboulkhair et al., 2019). In addition to the
defect size, defect shape, and defect distribution, the distance between the defects and the surface also
plays a crucial role with regard to fatigue behavior. Therefore, the comparison between different
processes with different process-induced defect distributions is difficult.
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Fatigue mechanisms and their prediction are still challenging
due to different factors that impact fatigue performance
significantly. Materials containing defects are limited in their
fatigue lifetimes due to frequently occurring crack initiation and
propagation. Therefore, different approaches for materials
containing defects have been proposed. The empirical
approach of Murakami describes defects as pre-existing (short)
cracks having a crack threshold proportional to the fatigue limit.
The square root of the surface area of the defect in the plane
perpendicular to the maximum principal stress direction is
defined as the equivalent failure-initiating defect size
parameter (ai) (Murakami, 2012). The cyclic stress intensity
factor range (ΔKi) can be calculated based on the defect size
as per the following Eq. 1 (Noguchi et al., 2007).

ΔKi � Y · Δσ · ����
π · ai√ Surface: Y � 0.65

Volume: Y � 0.50
(1)

ai �
��
Ai

√
(2)

where (Y) is the shape factor, (ai) is the failure-initiating defect
size (Eq. 2), (Δσ) is the applied stress range, and (Ai or areai) is the
projected cross-sectional area of the failure-initiating defect
perpendicular to the loading direction equal to the equivalent
defect size (ai).

Moreover, the model introduced by Shiozawa et al. (Shiozawa
and Lu, 2008) for crack propagation–dominant parts can be used
for a better representation and interpretation of the fatigue
results. Here, as shown in Eq. 3, using various assumptions,
the Paris–Erdogan law for describing the crack propagation
behavior is integrated from the initial defect size to the critical
crack size.

ΔKi � [C(m − 2)
2

]−1/m
· (Nf

ai
)−1/m

(3)

where (C) and (m) are assumptions for Paris law coefficients and
(Nf ) is the number of cycles to failure. (Nf /ai) is the so-called
defect-related fatigue lifetime.

Lightweight potential describes the potential of a substitution
of a certain shape, material, or technology for a respective
counterpart. When considering a substitution of a certain
material for another lightweight new material to withstand the
same stresses and to carry out the same function, for instance, this
material has a high lightweight potential compared to the old one
(Al Rashid et al., 2020). Due to this within this work, the
lightweight potential should be assessed by specific Woehler
and Shiozawa diagrams, and the differences and advantages
are discussed.

2 MATERIALS AND METHODS

2.1 Materials
Three additively manufactured alloys are investigated: the
aluminum alloy AlSi10Mg, the stainless steel AISI 316L
(X2CrNiMo18-15-3), and the titanium aluminide alloy TNM-
B1 (Ti-46.5Al-4Nb-1Mo-0.1B) for their differences in specific

densities from the lowest density of AlSi10Mg to the highest
density of 316L.

AlSi10Mg and 316L stainless steel specimens were
produced with PBF-LB using an EOS M290 system. Further
information about the manufacturing process of AlSi10Mg can
be found in the study by Tenkamp et al., (2022). Additionally,
two types of test specimens with different intended pre-defined
defect sizes in form of cuboid cavities with an edge length of
1.0 and 1.5 mm are produced for 316L. Detailed information
about the manufacturing process can be found in the study by
Kotzem et al., (2021). Finally, TNM-B1 specimens were
manufactured by PBF-EB on an Arcam A2X system. In
addition to the as-built condition, half of the specimens
were hot isostatically pressed. This allowed the investigation
of two microstructurally comparable states with a variation in
defect type and size. Detailed information about the
manufacturing process can be found in the studies by
Moritz et al., (2021); Teschke et al., (2022). AlSi10Mg
specimens were manufactured vertically, parallel to the
building direction. 316L and TNM specimens were
manufactured horizontally, perpendicular to the building
direction.

AlSi10Mg, 316L, and half of TNM-B1 specimens were
investigated in the as-built (AB) condition without post-
process heat treatment, while half of the TNM-B1 specimens
were hot isostatically pressed (HIP). All specimens were tested at
room temperature (RT). More detailed information about the
micro-structure and tensile testing results can be found in the
studies by Kotzem et al., (2021); Tenkamp et al., (2022); Teschke
et al., (2022).

2.2 Methods
2.2.1 Fatigue Testing
For the AlSi10Mg alloy, stress-controlled fatigue tests were
performed using a Rumul Testronic 150 kN resonant fatigue
testing system with a 20 kN load cell at a test frequency of f =
70 Hz and fully reversed loading with a stress ratio of
R = −1 up to 107 cycles. For 316L steel, stress-controlled
fatigue tests were carried out on the servo-hydraulic testing
system Schenck PSB100 with an Instron 8800 controller
(100 kN load cell) at a test frequency of f = 20 Hz and a
stress ratio of R = −1 up to 107 cycles. For the TNM-B1 alloy,
the fatigue tests were performed stress-controlled on the
servo-hydraulic testing system Instron 8801 (100 kN load
cell) at a test frequency of f = 20 Hz and a stress ratio of
R = −1 up to 2·106 cycles. The test frequencies were selected to
be material-specific to minimize self-heating of specimens
during fatigue testing to a maximum of 15 K. Hereby, no
significant frequency effect is assumed between 20 and 70 Hz
testing. All specimens are grinded and polished up to 1 μm
diamond suspension. A surface roughness of RZ ≤ 0.8 μm has
to be reached to minimize surface effects.

2.2.2 Macro-Hardness Measurement
The hardness of the three alloys was determined by Vickers
macro-hardness HV10 measurements using the Wolpert Dia-
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Testor 2Rc testing system. For each alloy, the hardness
measurements were performed according to DIN EN ISO
6507-1, and then the mean value and standard deviation were
calculated.

2.2.3 Fractographic Analysis
The microstructure and fracture surfaces of all specimens were
examined using a scanning electron microscope (SEM) Tescan
MIRA3 XMU to determine the location, size, and shape of the
failure-initiating defect. These parameters were determined by
post-processing of the obtained SEM images using ImageJ
software. The porosity and defect distributions were
characterized using microfocus-computed tomography (μ-CT)
Nikon XT H160, where the parts’ relative densities and the
equivalent defect size ai were also quantified.

3 RESULTS AND DISCUSSION

3.1 Hardness and Fractography Analysis
Results
The results of Vickers hardness measurements for the three alloys
are shown in Figure 1A. It is observed that TNM-B1 showed the
highest hardness compared to the other alloys, which have a
hardness value of 418 ± 6 HV10 for the AB condition and 385 ±
4 HV10 for the HIP condition. This includes the fact that HIP led
to a decrease in hardness. AlSi10Mg has the lowest hardness
value, 106 ± 3 HV10, while 316L has an intermediate hardness
value equal to 237 ± 7 HV10.

Based on SEM and µCT results, the intended defect size of
316L has the largest value of either 958 or 1,463 μm with only
slight deviations (Kotzem et al., 2021) and the lowest value for
TNM-B1 with an average of 64 ± 25 μm for the AB condition and
20 ± 8 μm for the HIP condition, which means that the HIP
process was able to decrease the equivalent defect size. AlSi10Mg
has an average defect size equal to 242 ± 133 μm. Some of the
fractographic analyses using SEM for different defects for three
alloys are shown in Figure 1B.

3.2 Fatigue Testing Results
After fatigue testing of the three alloys at different stress
amplitudes with a stress ratio R = −1, a combined Woehler
diagram for the three alloys is constructed by plotting the stress
amplitude σa vs. the number of cycles to failure Nf in log-log scale.
It is obtained from the Woehler diagram in Figure 2A that
AlSi10Mg has the lowest fatigue strength due to the low hardness
and large defect size. The verifying defect size was responsible for
increasing the scattering within the Woehler diagram. TNM-B1
has the highest fatigue strength and lifetime compared to 316L
and AlSi10Mg, and this correlates with its higher hardness and
smaller defect size. Moreover, the HIP condition has improved
the fatigue strength and damage tolerance by reducing the
number and size of the defects, and the fatigue strength (2·106
cycles) could be further increased by 42%–500 MPa.

Figure 2B shows the specific Woehler diagram for the three
alloys by dividing the stress amplitude by the alloy density.
Density of AlSi10Mg is equal to ≈2,650 kg/m3 (1), that of 316L
is equal to ≈8,000 kg/m3 (2), and that of TNM-B1 is equal to
≈4,160 kg/m3 (Loeber et al., 2014). It clearly shows the high
fatigue strength and lightweight potential of TNM-B1 compared
to 316L and AlSi10Mg alloys. While 316L and AlSi10Mg have
comparable specific low cycle fatigue (LCF) strength, the
lightweight potential in the HCF regime is significantly
increased for 316L compared to AlSi10Mg (+43%). It is
concluded that TNM-B1 has the highest lightweight potential
compared to that of the others, leading to a factor 3-5.

The Shiozawa diagram considers the failure-initiating
defect size, and it can describe the damage tolerance more
efficiently for the alloys. The Shiozawa diagram is corrected for
the defect size; therefore, it was able to decrease the scattering
in the Woehler diagram that was generated from the different
defect sizes. This can be observed where the coefficient of
determination improved for AlSi10Mg from R2 = 0.66 in the

FIGURE 1 | (A) Vickers hardness. (B) Fractographic analyses for AlSi10Mg (Tenkamp et al., 2022), 316L (Kotzem et al., 2021), and TNM-B1 (Teschke et al., 2022)

1N.N.: SLM Solutions: Material data sheet, Al-Alloy AlSi10Mg.
2N.N.: SLM Solutions: Material data sheet, Fe-Alloy 316L.
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Woehler curve to R2 = 0.81 in the Shiozawa curve. R2 improved
to 0.94 and 0.72 for 316L and TNM-B1, respectively.
Figure 3A shows the combined Shiozawa diagram for the
three alloys. The cyclic stress intensity factor (SIF) ΔKi is
plotted vs. the defect-related fatigue life Nf/ai. It is obtained
that 316L has the highest fatigue defect tolerance (FDT)
compared to that of AlSi10Mg and TNM-B1. AlSi10Mg has
the significantly lowest FDT. For all alloys, there is no
significant difference of FDT in the LCF and HCF regimes.
Figure 3B shows the specific Shiozawa diagram for the alloys
by dividing ΔKi by the alloy density and plotting versus Nf/ai. It
is observed that 316L has the highest specific FDT, while
AlSi10Mg has the lowest. In summary, the FDT and specific
FDT correlate with the elastic modulus of each alloy.
Therefore, it could be assumed that the intrinsic crack

growth threshold is responsible for the (specific) FDT as it
only depends on the elastic modulus of the alloy and not on
further mechanical or structural properties. (Wasén and Heier,
1998; Maierhofer et al., 2018).

4 CONCLUSION AND OUTLOOK

It was found that the defects in AM alloys have a high effect on
the fatigue lifetime. It is also obtained from the specific
Woehler curve that the lightweight potential for TNM-B1
has the highest value, followed by 316L and AlSi10Mg.
Comparing Woehler and Shiozawa curves, it is concluded
that the defect size (ai) introduced by Murakami is
particularly suitable for the geometric description of the

FIGURE 2 | (A)Woehler diagrams; (B) specific Woehler diagrams for AlSi10Mg, 316L (Kotzem et al., 2021; Stern et al., 2022), and TNM-B1 (Teschke et al., 2022)
alloys.

FIGURE 3 | (A) Shiozawa diagrams. (B) Specific Shiozawa diagrams for AlSi10Mg (Tenkamp et al., 2022), 316L (Kotzem et al., 2021; Stern et al., 2022), and TNM-
B1 (Teschke et al., 2022) alloys.
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defect as an initial defect or crack size, while the model
presented by Shiozawa takes this influence into account and
enables a “defect-based” representation of the fatigue behavior.
Therefore, the Shiozawa diagram improves the fatigue
assessment of defective materials as it enables a fatigue
defect or damage tolerant assessment. The specific Shiozawa
curves show that the 316L really has the highest lightweight
potential by taking the alloy-specific stress amplitudes,
density, and defects into account. Therefore, for releasing
the full lightweight potential, a stress- and defect-based
assessment is necessary and can be reached by using
density-specific Shiozawa diagrams.

In future investigations, the effect of the intrinsic crack growth
threshold should be included to further understand the structural
and mechanical reasons for the specific fatigue damage tolerance
of steel, Ti, and Al alloys.
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