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Abstract

The general applicability of our formerly developed fatigue prediction and life assessment methodology for metal Laser Powder Bed Fusion
(LPBF) parts is validated for a new commonly used feedstock material; AISi7Mg. Moreover, another specimen geometry and surface finish, as
well as another fatigue loading condition have been used. The fatigue life assessment method for additively fabricated metal parts uses both the
size of LPBF-process inherent initial defects and a material- and process-specific pivot point to accurately predict the fatigue life. An experimental
campaign was completed and confirmed that the method is indeed expandable to another material, shape and fatigue loading condition.
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1. Introduction

Additive Manufacturing (AM), commonly referred to as 3D
printing, has experienced significant growth in recent decades
and has established itself as an accepted fabrication technique
within various industries [1]. Evolving from its origins in rapid
prototyping and tool making, AM has progressed to encompass
the fabrication of complete parts, assemblies and products.
Amongst various AM processes, Laser Powder Bed Fusion
(LPBF) stands out as the predominant fabrication process for
complex metallic components [2]. However, the widespread
adoption of metal LPBF in industry is primarily confined to
static and non-critically loaded components. In the case of
critically loaded components, where a thorough assessment of
the fatigue strength is essential, the reliability of metal LPBF
remains a challenge [3]. Under a single optimized process
parameter set, LPBF parts are known to exhibit a stochastic
distribution of mechanical properties largely due to local
differences in thermal history [4]. LPBF-process inherent
defects are localized stress concentrators and result in
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significant variability in fatigue life data, complicating the
evaluation of structural integrity over the operational life of
fabricated components [5]. Despite extensive reporting on
defect detection, the influence of these defects on fatigue
performance has yet to be fully understood.

The most common intrinsic defects found in LPBF parts are
typically categorized into two types: 1) irregular Lack of Fusion
(LoF) defects and ii) more spherical porosity defects [6, 7]. LoF
defects are irregular crack-like anomalies that elongate between
layers resulting from suboptimal process parameters or
insufficient energy input between adjacent layers. In contrast,
porosity defects exhibit a relatively regular and smooth
spherical surface, arising from factors like inert gas
entrainment, vapour recoil, keyhole collapse and others. Both
types of defects may act as crack nucleation sites; however, due
to their crack-like appearance, LoF defects are much more
detrimental for fatigue performance [8].

To predict the fatigue life of LPBF parts, this author team
has previously presented a method that takes the size of such
inherent initial defects into account [9]. The method is based on
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the industry-accepted empirical stress-life approach that makes
use of S-N curves also known as Wohler curves [10]. At the
core of this approach it is assumed that at a low number of
cycles the alternating stress is independent of the initial material
state, such as surface roughness or surface defects. Conversely,
at a high number of cycles an infinite life threshold is predicted
by the fatigue or endurance limit, S,, and knockdown factors
lowering the endurance limit based on the initial material state
are readily provided in literature [11]. In this paper, we follow
a similar strategy in which the size of inherent initial defects of
an LPBF part is taken into account to predict its fatigue
performance. We assume that an increasing size of initial
defects leads to a lower fatigue life. Moreover, similarly to the
stress-life approach, we also assume that there is a point at
which the fatigue life is independent of the material’s initial
condition. This point, which is projected in Figure 1 as the pivot
point, is material and process specific, and must be determined
experimentally. Note that, in contrast to Wohler curves, custom
to scientific consistency the independent (predictor) variable,
here the maximum stress, Sy, 1S indicated on the x-axis and the
dependent (response) variable, in this case the fatigue life in
cycles to failure, &, is indicated on the y-axis. The black dots
and lines refer to the results of our previous study [9] using the
following conditions: AlSilOMg as material of choice, a
circular @3 mm machined and polished test specimen, and a
force-controlled, tension-tension constant amplitude axial
loading condition with a fatigue stress ratio (R = Suin/Smax) Of
0.1.
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Fig. 1. Exemplary fatigue (S-N) curves for different materials, different
specimen types and different testing conditions in which the slope through a
material’s pivot point is a function of the initial defect size.

Our previous study proved that for AISi10Mg there indeed
exists a pivot point at 2,000 cycles and 310 MPa that can
accurately predict the fatigue life based on the initial defect size
and stress within an LPBF part [9]. In this paper, we seek to
validate the applicability of our developed method for another
material, test specimen geometry, surface quality and stress
ratio. More damaging fatigue life conditions, leading to a
significant lower life, are introduced to examine how far the
applicability of the method can be stretched. This is illustrated
by the red dots and lines in Figure 1 showing fatigue lives as
low as 2,000 cycles. High maximum stresses and a fully
reversed stress ratio of R = -1, compared to the positive stress
ratio (R = 0.1) of the former study, are used. Moreover, the
LPBF specimens are tested in a relatively rough ‘as built’
condition rather than being mirror polished. Based on initial
defect sizes from fracture surface analyses, the pivot point is

determined by utilizing the model to predict the fatigue lives
and compare them to the measured fatigues lives for the new
material and new set of test conditions.

Nomenclature

a empirical constant
b empirical constant

d initial defect size [um]

N number of cycles to failure [-]

Nneas measured number of cycles to failure [-]

Npiver  number of cycles to failure at the pivot point [-]
Nprea  predicted number of cycles to failure [-]

n slope of S-N curve through the pivot point [MPa™']
R fatigue stress ratio [-]

R, surface roughness [um]

S stress [MPa]

Se fatigue or endurance limit [MPa}

Smax  Maximum stress [MPa]

Smin  minimum stress [MPa]

Spivor ~ stress at the pivot point [MPa]

2. Methodology

To validate the developed fatigue life assessment method, an
experimental test campaign was devised. Al1Si7Mg was selected
as feedstock material. Compared to AISilOMg of the previous
study, the lower silicon volume fraction of AISi7Mg causes a
weaker solid-solution hardening effect resulting in a lower
tensile strength, but increased ductility [12]. In total 54 test
specimens according to the geometry of Figure 2(a) were
fabricated in three separate build jobs using the material-
specific optimized LPBF parameter set. The continuous radius
at the gauge section, compared to the previously cylindrical
shape, will result in a (net-section) stress concentration factor
of 1.06 and, hence, a stress gradient at the edges of the specimen
[13].

The test specimens were fabricated at an inclination angle of
55°, as indicated in Figure 2(b), on a FormUp 350 system and
received a stress relieve heat treatment afterwards. No
additional post-processing was applied; hence, the samples are
considered in the ‘as built’ surface condition, as depicted in
Figure 2(c). Again compared to the previous study, both the
inclination angle introducing overhang defects compared to a
vertical build and a rough ‘as built’ specimen compared to a
polished sample will result in a lower fatigue life.

The first build job consisted of six test specimens, of which
the up- and downskin parameters of the inclined build direction
were intentionally adjusted to create more defects and a higher
surface roughness in the (sub)surface region, as proximity to
the surface is known to be a critical parameter for fatigue
resistance [ 14]. This first set of samples is used to determine the
pivot point; hence, both fatigue testing and fracture surface
analysis are performed. The second and third build job
consisted of 24 specimens each. The latter two build jobs were
fabricated without adjusting the up- and downskin parameters.
The fatigue test results of these specimens are used to validate
the method.
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Fig. 2. Definition and fabrication approach of fatigue test specimen.

After specimen production, the surface roughness was
determined for the four vertical sides of each specimen. Fatigue
testing was performed on an MTS fatigue testing machine. All
specimens were subjected to a tension-compression axial
loading condition with a fully-reversed stress ratio (R =-1). The
six specimens of the first build job with adjusted up- and
downskin parameters were tested at a (net-section) maximum
stress, Smax, 0f 90 and 150 MPa to obtain cycles to failure in the
High Cycle Fatigue (HCF) regime. The test frequency was set
to 10 Hz and the number of cycles to failure was recorded.

After failure, fracture analysis was performed by optical
investigation of each fracture surface. The location of the
fatigue crack in the test specimen, as well as the size of the
initial defect at the crack nucleation site were determined by
optical microscopy. The major axis of the initial defect was
determined as the initial defect size. Localized stress
concentrations may be caused by a range of parameters;
however, in this study the major axis of the observed initial
defect is assumed as first-order size parameter governing the
fatigue life [9, 15, 16].

The second and third 2x 24 validation specimens were tested
at maximum stresses of 90, 150, 185 and 230 MPa representing
a cyclic stress of approximately 25 to 60% of the Ultimate
Tensile Strength (UTS). In seven instances the test specimen
did not fail and a run out was observed. This only occurred at
the higher stress levels of 185 and 230 MPa, where the
maximum number of cycles to be tested was set to 9,000 and
3,000 cycles, respectively. These seven measurements were
taken out of the dataset leaving 41 measurements in the
validation set.

The fatigue life is modelled according to the S-N curves of
Figure 1. As the curves are double logarithmic, a power law
function is used to express the predicted number of cycles to
failure:

n
Smax .
Npred = Npivot . ( ) with n=a-d? (H

Spivot

where, the subscript pivot refers to the pivot point that needs to
be determined experimentally. The slope, n, always going
through the pivot point, is a power law function of the initial
defect size, d, and two constants a and b that are statistically
determined by regression analysis. To quantify the parameters
of Equation (1) a number of steps must be undertaken as part of
an iterative process, as explained in our previous publication

[9]. For the sake of brevity, the essential steps are discussed in
short here.

First, an initial set of specimens is used to determine the
pivot point at which location the initial defect size is
insignificant with respect to the fatigue life. This pivot point is
thereafter used to determine the slope, n, of the initial set. In
this study, the maximum stress at the pivot point, Spios, 1S
assumed to be equal to the UTS, which leaves the number of
cycles to failure at the pivot point, Ny, as the only fit
parameter of the model. For each measurement the slope, 7, can
be computed for a given N,wo. By regression analysis of the
power law relation between the computed slopes and associated
initial defect sizes, constants a and b of Equation (1) are
determined.

Second, Equation (1) is used to predict the fatigue life of
each test specimen and compared to the measured fatigue life.
As predicted and measured lives should be equal, a proportional
relationship is expected where both the proportionality constant
and the exponent are equal to unity (y = 1-x'). By iteratively
adjusting the pivot point, the error of the proportional
relationship is minimized resulting in the final empirical
formulation of Equation (1) for a given material, test specimen
geometry, surface condition and fatigue test condition.

In this paper, a novel addition to the methodology is
presented, in which the fatigue results of a second (and third)
set of specimens is used to construct an average S-N curve. This
curve is used to validate the afore empirically quantified
Equation (1).

3. Results and discussion

Table 1 lists the measured surface roughness values of the
four vertical sides of each specimen, while Table 2 reports the
average surface roughness of the validation set. As intended,
the adjusted up- and downskin parameters result in higher
average surface roughness values for each of the four vertical
sides. In particular the up- and downskin surfaces show a
significant rise in average surface roughness of 175% and 42%,
respectively. Although, the front side and to a lesser extend the
back side are also affected by the change in processing
parameters.

Table 1. Measured roughness (R,) of four vertical sides of the six initial
specimens [um]; note that front is the labeled side as oriented in Figure 2(c).

Specimen  Upskinside Downskin side Front Back
I 11.9 11.3 8.3 8.2
11 14.5 11.4 14.4 8.8
11 12.9 9.8 79 102
v 19.2 19.3 143 10.7
\Y 11.6 11.5 11.6 105
VI 13.0 14.2 114 7.7
Average 13.9 12.9 11.3 9.4

Table 2. Measured average roughness (R,) of four vertical sides of the
validation set [pum].

Upskin side  Downskin side  Front Back

Average 5.0 9.1 6.9 8.0
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The pivot point is assumed to be at the material’s UTS, in
this case at 382 MPa. Therefore, only the number of cycles to
failure at the pivot point needs to be determined iteratively. This
is illustrated in Figure 3 by the two vertical arrows. The six
failed test specimens of the first build job with adjusted up- and
downskin parameters and rough ‘as built’ surfaces are depicted
as well in the figure inset. As the fracture is not always at the
minimum gauge section of the test specimen, the nominal stress
at the crack location is used instead of the nominal stress at the
lowest cross section. For instance, for Specimens I & VI which
failed relatively far away from the centre and hence have a
larger cross section, the maximum stress in Figure 3 is plotted
lower than the nominally configured stresses of 150 and
90 MPa, respectively.
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Fig. 3. Fatigue results of the six test specimens (see inset) of the first build
job with adjusted up- and downskin parameters.

According to the method, for each specimen of Figure 3 the
corresponding slope through an iteratively optimized pivot
point can be determined following:

lo (N, )-lo Nyi
n= 9d10(Nmeas. 910( pwat) (2)

10g10(Smax)— 10910 (Spivot)

In Figure 4 the computed slopes are associated to the
measured initial defect sizes. Although processing conditions
were similar for all six specimens, the initial defect sizes range
from 380 um to 680 pm and attest to the aforementioned
stochastic nature of the LPBF process. The defect sizes are
relatively high compared to the reported state of the art [17].
Also, the defect sizes are large compared to the measured
average surfaces roughness values (see Table 1). In all cases
however the initial defect was near the surface as can be
expected from the adjusted up- and downskin process
parameters and as is commonly the case with fatigue failures.
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Fig. 4. Statistically determined slope as a function of the initial defect size
assuming a pivot point at UTS and 1509 cycles to failure.

The power law relation between the slope and initial defect
size is indicated in Figure4 by the black line. With the
exception of Specimen IV, the results show that a larger initial
defect size leads to a lower slope, as one may expect. By linear
regression, constants « and b, are determined to be 326.7 and -
0.77, respectively, for the optimal pivot point of (UTS, 1509
cycles) as obtained in the subsequent paragraph. The coefficient
of determination R’, providing a measure for the fit quality, is
93%.

With Equation (1) quantified as shown in the Figure 5 inset,
the model is used to predict the number of cycles to failure
based on the initial defect size, d, and maximum stress, Spasx.
Figure 5 shows the result of each of the six test specimens. The
optimal pivot point was iteratively determined to be at
1509 cycles to failure and UTS. At this location, the
proportionality constant and exponent are both unity with a fit
quality of 95%, as also shown in the figure.
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Fig. 5. Correlation between the measured and predicted number of cycles to
failure with a proportionality constant and exponent of unity.

The dashes grey lines in Figure 5 indicated the 60 statistical
confidence band accounting for 99.73% of observations around
the mean. As visualized all tested specimens fall well within the
bounds. In fact, the largest offset was Specimen IV at 1.5¢ from
the mean. The model is capable to accurately predict fatigue
performance even though the range of initial defect sizes is
relatively large ranging from 380 um to 680 um (see Figure 4),
the stochastic nature of the LPBF process [4] and the high ‘as
built’ surface roughness condition of the tested specimens (see
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Table 1). This demonstrates the prominent value of the method.
For a known material and process parameter set, the fatigue
performance of a part can be predicted by a priori detecting its
maximum defect size e.g. by non-destructive X-ray Computed
Tomography (XCT).

Figure 6 depicts the fracture surfaces of Specimens II & IV
having the smallest and largest initial defect sizes, respectively.
The figure highlights the initial defect location and initial defect
size as reported in Figure 4. As indicated in the figure, the initial
defect sizes of Specimens II & IV are 380.9 pm and 683.8 um,
respectively. Both defects originate at the external perimeter,
although Specimen II failed from the front surface in contrast
to Specimen IV, which failed from the side.

——t

Fracture surfac.e - Specimen Il 1000pm

- = AP\ R

683.8pm

Fig. 6. Fracture analysis of Specimen II (top) and Specimen IV (bottom).

The predicted and measured lives of Specimens II & IV are
relatively similar (see Figure 5) although they were tested at
150 and 90 MPa, respectively. In fact, the initial defect sizes of
these specimens are the smallest and largest, respectively (see
Figure 4). Hence, the difference the defect size is responsible
for the similar fatigue life assessment. From the fracture
surfaces of Figure 6, it can also be observed that the fabrication
quality of Specimen IV is lower compared to Specimen II
explaining the larger initial defect size. As process parameters
were similar, the difference in surface condition may be
attributed to other parameters such as the location on the build
plate, local thermal effects during the build job or other
unknown LPBF effects.

Finally, to validate the quantified model, the fatigue results
of the validation set are presented in Figure 7 based on the net-
section stress of the minimum cross-section. The blue markers
indicate the initial six specimens of which the fracture surface
was analysed in order to determine the material- and process-
specific pivot point. Left and right of the pivot point, the 30

bounds of the determined UTS are given by the blue dashed
lines and provide a statistical measure for the predicted value.
Also, two power law regressions are shown. The red line
indicates the regression for all tested specimens, while the black
line only indicates the regression for the specimens in the HCF
regime, i.e. with > 10 cycles to failure.
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Fig. 7. Measured fatigue life of 41 specimens of the validation set.

For the HCF results (see black line), the fitted S-N curve goes
through the afore determined pivot point. The combined high
and low cycle fatigue results are not fitted well with a power
law relationship. This is illustrated by the red line which is not
representative of the measured results due to the inclusion of
low cycle fatigue failures with < 10* cycles to failure. Here, at
150 and 230 MPa the cycles to failure are under- and
overpredicted, respectively. The current fatigue prediction
methodology is developed using specimens in which the fatigue
crack is growing in a uniform stress field from the initial defect
size all the way up to complete failure. It is possible that in this
case for AlISi7Mg, with an experimentally determined 0.2%
offset yield stress of 260 MPa, the stress from the stress
concentration at 185 and 230 MPa net-section maximum stress
results in local plasticity. This would change the stress gradient
in the specimens that are tested at these maximum stresses
compared to the ones tested at 90 and 150 MPa, resulting in
lower fatigue lives than expected for the specimens with < 10*
cycles to failure.

The up- and downskin process parameters of the initial six
specimens were adjusted to intentionally create a higher surface
roughness in the reduced section of the specimens. However,
the resulting difference in surface roughness did not result in
different fatigue results, as the results of the initial six
specimens (see blue markers) are comparable to the HCF results
of the validation set. This may be explained by the fact that
crack nucleation occurred from defect pores that are much
larger than the average surface roughness and likely also larger
than the roughness peaks and valleys. Moreover, the defect
pores are also larger than the contour region width; hence,
spanning into the specimen’s core region. The core region was
built using the same process parameter set for all specimens.
Hence, the same defect size distribution is expected for the
initial six specimens as well as for the validation set. For a
lognormally distributed defect size it is expected that the
average slope of the S-N curve goes through the pivot point,
which is indeed the case for the HCF specimens of the
validation set (see Figure 7).
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This paper has demonstrated that for metal LPBF parts the
presented fatigue life prediction methodology can be extended
to another test specimen geometry, stress ratio and type of
material, i.e. from AlSilOMg to AlSi7Mg. To account for
various surface roughness conditions of steel, a fixed stress at
1000 cycles on fully-reversed S-N curves, and a change in slope
and endurance limit depending on the surface finish have long
been used in engineering design guidelines [9-11]. In the
current methodology, the pivot point is optimized resulting in a
similar number of cycles to failure for the reference point of
AlSi7Mg compared to the surface finish methodology for steel;
i.e. 1509 cycles and 1000 cycles for AlSi7Mg and steel,
respectively. As the presented fatigue life prediction
methodology gives similar results using the measured S-N data
points as well as fractography, it is expected that the
applicability of the model can be extended to other alloy
systems, fabrication methods and defect types. For Ti-6Al-4V
test coupons produced via LPBF and plate-material aluminium
7075-T7351 with corrosion pits, unpublished in-house lab
testing results with a stress ratio of R = 0.1 has already shown
good accordance to the presented methodology. Results shown
that indeed a, b and N,io: are constants that only apply for a
given material, processing route, specimen geometry, stress
ratio, and defect type (e.g. surface finish or LPBF porosity) and
its location. Although it is expected that the influence of
specimen geometry is limited and the influence of the stress
ratio can be incorporated using conventional methodologies for
determining the effect of stress ratio on the S-N curve.

4. Conclusions

It has been shown that the presented fatigue life prediction
methodology for metal LPBF parts can be extended to another
material, test specimen geometry and stress ratio. Based on the
to-be-applied maximum cyclic stress and the initial defect size
within a LPBF part, the fatigue performance can be predicted
within statistic confidence bounds.

Experimental results demonstrate that a successful
correlation can be achieved between measured and predicted
fatigue lives for ‘as built’ AlSi7Mg test specimens under a
fully-reversed cyclic loading condition. The model uses the
cycles to failure of the pivot point, where the initial defect size
has no influence on the fatigue life, as the single fit parameter
together with an experimental data set to correlate the assessed
fatigue life and associated initial defect size. In this case, the
defect pore sizes were much larger than the surface roughness
for both the adjusted up- and downskin parameter set and the
material-optimized parameter set.

The average S-N curve of the 41 fatigue-tested samples of
the validation set, for which a similar defect size distribution of
the core region is expected based on the usage of similar process
parameters, goes through the pivot point that was determined a
priori using an initial small set of six specimens.

As the method is capable of predicting fatigue life for
various materials, shapes, surface finishes and loading
conditions makes this approach a valuable instrument for the
industrial application of critically-loaded LPBF components.

The use of a priori non-destructive part evaluation techniques
and statistically proven allowable defect values result in less
scrap and higher productivity. In future work, we believe that
by expanding to more materials and further development of
empirical data sets, light can be shed on the possibility of ab
initio modelling of the two constants a and b of the currently
statistically determined slope function.
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