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Al-Si alloys are commonly used in the automotive and aircraft industry because of their excellent strength-to-
weight ratio. Due to the laser powder bed fusion manufacturing process, inhomogeneous cooling affects the
microstructure as well as defect distributions. Within this paper, the uniform fatigue damage tolerance assess-
ment was further qualified for (miniature) bending specimens with different loaded volumes based on the
concepts according to Murakami (\/ area) and Shiozawa for an initial defect-based model. These approaches were
used to calculate defect-related fatigue life curves, in which the cyclic stress intensity factor (AK) at the initiating
defect (\/ area) was used to represent local stress concentration at the crack tip instead of nominal stress-based S-
N curves. Results of S-N curves did not allow a precise lifetime prediction due to increasing effect of
manufacturing-related defect distributions, while fracture mechanical approaches enable a uniform fatigue
lifetime description of different testing volumes. The calculated fatigue limit and short crack threshold value
suggested by Noguchi based on the extended approach of Murakami need to be compared and validated
experimentally. Furthermore, the effects of miniaturization and crack propagation have been identified and
considered. Uniform fatigue life predictions and efficient materials testing have been combined and show po-

tential for future research.

1. Introduction

Due to cost and resource efficiency, the process of additive
manufacturing (AM) enables the precise production of large and small-
scale near-net-shape components with increased complexity [1].
Changes in parameter and scanning settings during the manufacturing
process lead to the adjustability of the microstructure and can conse-
quently affect the mechanical properties [2]. With the powder bed
fusion laser-based process (PBF-LB) improved surface roughness and
lower production costs can be achieved compared to the electron beam
powder bed fusion (PBF-EB) process [3]. While conventionally manu-
factured parts are used in automotive or railway industries, AM com-
ponents will be used for customized parts with high functionality and
complexity in medical or space applications [4]. Additionally, they are
not only used for prototyping but also transferred to functional parts
which enables new possibilities [5].

Aluminum-silicon-alloys like AlISi10Mg are typically used in cast
state but can also be used in AM processes due to their excellent
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strength-to-weight properties. The investigated alloy belongs to the
hypoeutectic alloy because of its Si percentage (<12 wt%) with very
good melting properties. Besides the microstructural properties, the
mechanical loading depends on process-related defects like intermetallic
phases, oxides, porosity, and the building direction of the AM process.

Due to the manufacturing, process-related defects such as gas pores
or lack of fusion defects can be reduced mostly but not fully avoided.
Therefore, these defects need to be considered and were investigated in
some previous studies for AlSi-alloys where the high cycle and very high
cycles fatigue regime was characterized for additively manufactured
materials [6-8]. Further works [9,10] emphasized the effects of defects
on uni-axial fatigue properties. They showed approaches for defect-
based modeling and lifetime predictions using fracture mechanics for
AlSi10Mg. Additionally, investigations were conducted by Roveda et al.
[11] and Baig et al. [12] in the case of heat treatment effects on short
crack behavior and fatigue properties of aluminum alloy which will be
further developed in this work. For a resource-efficient experimental
determination of the Woehler (S-N) curve, Nicoletto et al. [13,14]
invented a miniature bending fatigue testing (MBFT) routine which led
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Nomenclature

a; Failure-initiating defect size

a, Cutting depth

b Height of specimen

C Shiozawa coefficient

Cain Surface stress factor according to Nicoletto

Caic Self-determined surface stress factor

CAT Constant amplitude test

d Diameter

E Young’s modulus

Enr Young’s modulus of aluminum

Es; Young’s modulus of steel

EBSD Electron backscatter diffraction

F Force

f Test frequency

h Width of specimen

HCF High cycle fatigue

HV Vickers hardness

AK Cyclic stress intensity factor

AK; Cyclic stress intensity factor at failure-initiating defect

AKyp e Intrinsic threshold for short cracks

AKpnc The critical threshold of experimentally determined short
cracks

AK??; Modeled critical threshold of short cracks (reference
condition)

AK4M Corrected model of critical threshold of short cracks for AM
condition

M Bending moment

m Shiozawa exponent

n Spindle speed

N Number of cycles

N¢ Number of cycles to failure

R Stress ratio

R? Coefficient of determination

re Corner radius

Smin / Smax 10 % and 90 % error bands

S Sphericity

T Scatter range

Ao Stress range

0a Stress amplitude

Omax Maximum stress

OaL* Modeled fatigue limit according to Noguchi

VHCF Very high cycle fatigue

Ve Cutting speed

Ve Feed velocity

w Moment of resistance

to similar S-N curves compared to uni-axial fatigue testing. These works
focused on variant surface roughnesses caused by different post-
processing methods such as polishing, as-built surfaces, or machining.
In addition to other surface conditions, Nicoletto et al. [15] also inves-
tigated the effects of various building and loading conditions and the
direction and notch effects [14] on the small-scaled specimens. Such
innovative miniature concepts with environmental aspects and material
savings underline the importance of these efficient strategies. The
testing routine will be evaluated and extended for the crack propagation
behavior of additively manufactured AlSi10Mg within this study and
will be compared to the literature.

In addition to the conventional determination of Woehler curves, for
crack propagation dominated behavior, approaches according to Shio-
zawa and Murakami [16,17] can be used to include the defect size and
normalize the lifetime. To describe the crack propagation behavior
mathematically, the Paris-Erdogan law including the failure-initiating
defect size a; can be transformed according to Eq. (1) [16]:

_ —1/m ~1/m d
AK; = {M} (&) — Kf(&) D
2 a; a;

The coefficient C and the exponent m can be calculated by using power
law fit while plotting cyclic stress intensity factor (SIF) (y-axis) over the
number of cycles to failure N¢ divided by the initial defect size a; which
can be defined as a defect-related number of cycles to failure (x-axis).
The SIF can be calculated by Murakami’s approach [17], see Eq. (2):

AK; = Ao-\/m-a;-Y  Surface : Y = 0.65; Volume : Y = 0.50 )

Consequently, the fatigue behavior can be represented in a log-log
plot as a line curve (K-N) analogously to classical S-N curves. According
to alternate bending testing as an appropriate alternative for uni-axial
testing of miniaturized specimens, the stress concentration needs to be
considered. The integration or enhancement of the miniature bending
fatigue testing (MBFT) routine by fracture mechanical models is new in
general and will be evaluated for AlSi10Mg due to material and time-
saving aspects. Therefore, when applying SIF-based approaches, the
distance of the failure-initiating defect to the surface needs to be

measured and included because of the graded stress concentration
during alternate bending. The bending moment and resulting nominal
stress were equally transformed according to the definition in Eq. (3) in
which the nominal bending moment M and moment of resistance W
need to be considered. B and h represent the height and the width of the
miniature specimen testing area and 6,4, represents the maximum stress
on the specimen’s surface.

M . _ (bh?)
amu_v—v withW = 3

3

For crack propagation investigations, the application of artificially
induced notches via micro milling at mini-bending specimens will be
tested to characterize the short crack behavior of AlSi10Mg. The
intrinsic threshold AKy ;,, can be calculated by using Young’s modulus E
according to the literature [18], see Eq. (4):

AKgpjme = 1.6:107°-E (@)

In addition to experimental threshold determination of AK4, a nu-
merical approach according to Murakami [17] with an extension of

Noguchi [19] will be used Eq. (5) and compared:

E 1
AKyc = C- (HV + 120.E—"’> .\/area 3

St

Surface : C = 0.00027; Volume : C = 0.00030

(5)

Investigations of Murakami [20] and Ueno [21] validated that fa-
tigue limit increases the defect size for aluminum alloys.
(68 <HV + 120-?)

St

Oy = T
al (6)
Surface : C =1.43; Volume : C =1.56

In this approach, different parameters like the hardness HV, the
Young’s modulus of aluminum E,; and steel Es, will be taken into ac-
count. The effects of miniaturization and especially the short crack
propagation behavior should be investigated with a focus on resource
efficiency and improved testing methods for appropriate and reliable
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Table 1
PBF-LB/M scanning parameters for AlSi10Mg using TruPrint 1000 machine.
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Laser power [W] Scanning

speed [mm/s]

Hatch distance [pum] Layer thickness [um]

Beam diameter [um] Scanning rot. angle [°] Pre-heating temperature [°C]

175 1,550 90 20 55 90 180
2.2. Pre-test preparation and machine clamping
Table 2
Chemical iti t.%) of additivel factured AlSi10Mg. o . .
emical composition (wt.%) of additively manufacture i Resource efficiency and thus material and cost savings often go hand
Al Si Fe Cu Mg Ni Zn in hand with other challenges. Before mechanical tests can be con-
Bal. 10.93 0.19 0.02 0.38 0.01 0.02 ducted, different preparation steps need to be performed. Challenges in

testing of safety components.

To perform quantitative evaluations on the fatigue results, the scatter
range T was introduced and can be calculated out of 10 % (syax) and 90
% (smin) survival probability by using the following equation:

T — Smax (7)

Smin

2. Experimental methodology
2.1. Materials and manufacturing process

The AlSi1OMg samples were additively manufactured by Laser
Powder Bed Fusion (PBF-LB/M) using the Trumpf TruPrint 1000
(Trumpf, Germany) AM machine. The manufacturing was performed at
Fraunhofer IAPT (Germany). The parameters for the manufacturing
process are summarized in Table 1.

The chemical composition of AlSi10Mg was determined and statis-
tically validated using the OES 720 system (Hitachi, Japan) and is given
in Table 2.

All specimens were characterized in as-built conditions without heat
treatment. The specimens were manufactured into the final geometry by
turning and wire-cut EDM (Fig. 1a/c). Afterward, samples were ground
and polished to reduce the influence of roughness-induced failure during
fatigue testing. Due to sustainability and material-saving aspects, the
geometry of mini specimens (AM-10-M) (Fig. 1b) which was inspired by
Nicoletto [13,15] was machined from the rear parts of tested standard
bending specimens (AM-10-S) which highlights the aspect of material
saving and efficiency.

55
22

t =10 mm t=5mm

grinding and polishing have to be managed to prevent possible in-
fluences of surface roughness. Therefore, all sides of the mini specimens
were polished after the machining process.

2.3. Notch initiation via micro milling for crack propagation tests

For appropriate crack propagation testing of miniaturized speci-
mens, a micronotch is necessary according to ASTM E647 to weaken the
specimens’ surface. V-shaped notches at the specimen corner with a
notch angle ¢ = 60° were therefore selected to see crack propagation on
top and side of the specimen. The preparation was carried out using a
CNC precision machine tool (KERN Microtechnik, type HSPC 2522) with
sufficient capabilities in terms of spindle speed (up to n = 50,000 rpm),
working accuracy (+ 2.5 pm) and positioning accuracy (+ 1.0 pm). To
obtain a crack propagation of the notched samples, a circular ground of
the notch was aimed. Cutting tools developed for thread machining
(cutting angle 60°, corner radius r, = 50 um) were used for this purpose
(Fig. 2a). A feed direction symmetrical towards the corner of the sample
was selected as a cutting strategy. Final notched specimens with cutting
depths ap of 200 um were investigated and are shown in Fig. 2b. To
characterize the prepared sections and the depth for reliable and com-
plex defect size calculation, the sample surfaces were digitized using a
confocal microscope (Confovis, type Toollnspect). The geometry of the
V-shaped corner notch and its tip as well as the circular ground were
realized according to the cutting tool used. Fig. 2c and Fig. 2d show the
CAD calculation of the notch size and the real geometry. Using this
method, notches could be precisely machined with a high accuracy in
terms of cutting depth.

2.4. Mechanical testing and crack propagation test

During this study, two different specimen geometries were investi-
gated using a resonant fatigue testing system Rumul Cracktronic with a

c) d)

M16x1

25.64

55

R40

=5 mm -

Fig. 1. (a) Standard bending specimens (AM-10-S), (b) miniature specimens (AM-10-M) for testing (adapter necessary),(c) micro-notched miniature specimens (only

for crack propagation test), and (d) specimen geometry for uni-axial testing.
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Cutting tool Notched test area

Micro notch

22

O\

Diameter d: 3.19 mm Depth of cut ap: Var.
Cut. speed v.: 200 m/min Feed vel. vy 500 mm/min

)

©) d)

| Notch depth || Notch area

Fig. 2. Defect initiation through micro-milling: a) Geometry of milling tool followed by surface determination with a confocal microscope, b) notched mini-bending
specimen before testing, ¢) CAD geometry, and d) real notch after process using SEM.

a) b)

| DIC camera system l

10 %

5%

0%

-3%

-6%

Fig. 3. a) DIC camera system for true stress measurements on surface and b) strain calculation method on specimens surface for stress determination.
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Table 3
Parameters of p-CT investigations for AlSi10Mg.
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Beam current [pA] Beam energy [kV] Power [W] Working distance [mm]

Effective pixel size [um]

Voxel size [um] Exposure time [ms] Exposure rate [fps]

100 135 13.5 124

11.0 354 2.82

70 Nm load cell at a frequency of 80 + 5 Hz. The fatigue behavior was
characterized in moment-controlled constant amplitude tests (CAT) at a
load ratio of R = 0.1. The maximum bending stress at the surface is set in
a defined manner by measuring the exact height and width and
adjusting the bending moment accordingly. Uni-axial fatigue tests were
performed on a resonant fatigue testing system Rumul Testronic with a
20 kN load cell at a similar frequency and load ratio. For surface stress
determination, DIC system Q400 (Limess, Germany), 50 mm objectives
with a resolution of 5 MP was fully used (Fig. 3) to detect elastic strains
on the specimen’s surface to evaluate the applied stress compared to the
nominal bending moment. The stress calculation was performed using
Hooke’s law for the linear-elastic regime. The facet size was chosen at 39
with a grid spacing of 20.

For further characterization of (short) crack propagation behavior,
cyclic resistance curve tests were performed on mini-bending specimens.
Tests were conducted for resource-efficient short crack characterization
in case of specimen size. The initial defect size was determined to be a@; =
131um (calculated out of the cutting depth ap) and a value of 75 % of the
intrinsic threshold was chosen as the initial stress intensity factor. The g;
was reached by using a notch cutting depth of 200 um and then calcu-
lating the cross section using CAD software due to the high precision of
the notch manufacturing process. The intrinsic threshold AKgy ;,; was
calculated using Eq. (4) and it could be found that no crack propagation
occurs below AKy ir:. Resonant frequency as well as digital microscope
Keyence VHX 7000 was used for validating no crack growth below
AKpine- The single specimen test was performed with increasing AK,
provided that no crack propagation occurred.

2.5. Computed tomography, fractographic analyses, and electron
backscatter diffraction

Before the mechanical investigations, a computed tomography
scanner Nikon XT H160 (Japan) was used for 3D-pore-analysis with
software VG StudioMax 2024.2.1 to determine defect density and dis-
tribution in the mini-bending specimens. CT scanning parameters are

listed below in Table 3.

For the determination of the crack-initiating defect as a prerequisite
for applying fracture mechanical approaches, post-mortem analyses in
an SEM Tescan MIRA3 XMU are necessary. The fractured surfaces were
investigated to identify critical defects and derive failure mechanisms.
Failure-initiating defects were characterized using ImageJ software. In
addition to that, EBSD and EDS scans were conducted during the SEM
investigations using an EDAX Velocity Plus detector to show the
microstructural effects of the additive manufacturing process on the
crack propagation behavior.

3. Results and discussion
3.1. Microstructure and defect distribution of mini-bending specimens

The microstructure of as-built AlSi10Mg consists of a cellular struc-
ture because of fast cooling during the additive manufacturing process
[22]. The average a-Al cell diameter is estimated to be 0.5 pm and was
determined by SEM investigations. In the as-built state of AlSi10Mg, a-Al
cells are divided by eutectic silicon phases with a diameter approxi-
mately between 55 and 90 nm as shown in Fig. 4. The arrangement and
structure of the eutectic silicon phase are specific for the as-built con-
dition of AlSi10Mg and exhibit a spatially inhomogeneous shape [23].
Partially large accumulations of Si in the node region are contrary to
significantly small amounts in the strut regions. Additionally, no effects
of Si accumulations on micro-cracks can be identified. To gain infor-
mation about the element compositions and distribution in the charac-
teristic phases, energy dispersive x-ray spectroscopy (EDS) was
conducted. Spectrum analyses of specific spots in Si-rich eutectic phases
as well as the a-Al network indicate differences in element distributions
but do not show any correlation in case of crack propagation.

In addition to that, microstructural characteristics like hardness
(HV10) and failure-initiating defect sizes were investigated and
compared between different specimen geometries. Macro hardness
patterns show no significant differences due to the same manufacturing
process and building direction. The failure-initiating defect size, and the

b)

8 12 16

4

0

0 24 48 72 96

Fig. 4. a) SE-SEM micrograph of mini-bending specimen AlSi10Mg with eutectic silicon phase, a-Al cells, and microcrack at a magnification of 140-k and 25 kV beam

energy and b) EDS phase mapping for Si- and a-Al network.
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Table 4
Microstructural characteristics of AlSi10Mg bending specimens.

Batch HV10 Failure-initiating defects Specimen volume
[kgf/mmz] [um] [mm?]

AM-10-S 136 £1 191 £+ 24 3850

AM-10-M 134+ 3 161 + 13 770

AM-10-A 130 £5 221 + 31 7700

specimen volume listed in Table 4 are not comparable between the
different geometries. The post-mortem analyses of mini-specimens show
a reduced failure-initiating defect size of approx. 20 % compared to
standard bending specimens due to smaller specimen volume and
reduced defect distribution.

p-CT scans were carried out and analyzed for non-destructive char-
acterization of defect distributions. The evaluations show that the defect
distributions are slightly inhomogeneous regarding the surface distance.
Fig. 5 shows the defect distributions and locations of different specimen
types. Failure-initiating defect positions can affect the fatigue limit or
lifetime and become more relevant when applying bending loads
compared to standard multi-axial testing as this cross-section has a ho-
mogeneous stress distribution.

As already illustrated in p-CT analyses, differences in defect distri-
butions could be attributed to the reduced sample volume of mini
specimens and consequently to a lower probability for lack of fusion
defects. This can be proven by evaluating the sphericity and the absolute
frequency of the defects. Fig. 6 emphasizes the defect sizes concerning
the sphericity and the absolute frequency of the three different testing
geometries. Predominant equivalent defect sizes are very small and
show a high sphericity which suggests that they can traced back to gas
porosity [24]. The equivalent defect size was determined using the
diameter given by CT evaluation and sphericity. Furthermore, the
effective 2D area of the defect was calculated and then the square root
was applied to archive the equivalent defect size a;. The number of lack
of fusion defects, which can be mostly identified by their size and
sphericity (mostly between 0-0.4) [24], are comparatively low. In-
vestigations of Wu et al. [25] showed the effects of processing param-
eters on defect shape and location during manufacturing. Romano et al.
[26] also focused on p-CT pre-tests to gain 3D information about the
defect distribution which can be compared with fractography results
after fatigue tests. The dependence of sphericity and equivalent defect
size indicates the type of defect that is related to the manufacturing
strategy and building direction shown in the results of Larrosa et al.
[27]. Fig. 6 shows the equivalent defect size distribution and the
appearance of critical defects, which was also performed in other studies

a)

Defect Volume [um?]
1e7
8e®
6eb
4e®
2e8

0

b)
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[9,27,28]. The dashed line shows the average initial failure defect size q;
of the tested specimens which were determined out of the fracture
surface via ImageJ software and compared to p-CT data. When
comparing the different defect distributions of the geometries, the effect
of the specimen volume can be identified and supported by the extreme
value distribution of the LogNormal function. For AM-10-M there is a
decreased number of defects which are bigger than a; > 300 um
compared to AM-10-S or AM-10-A. In addition to the sphericity, the total
number of defects also supports the argument of a reduced number of
lack of fusion defects when investigating smaller testing volumes.

3.2. Effects of miniaturization on fatigue behavior and cyclic stress
intensity factor (SIF)

To evaluate the fatigue performance of different specimen geome-
tries in terms of the miniaturization strategy for sustainable testing,
constant amplitude tests (CAT) were conducted. The investigations
showed major differences regarding the S-N curves of the mini and
standard bending specimens. Investigations by Nicoletto [15] showed
that mini specimens reveal an overestimation of surface stress of factor
Cai,n = 0.9 compared to the nominal applied stress set in the machine.
To rule out a machine-specific stress coefficient, validation measure-
ments of the stress concentration at the specimens’ surface were per-
formed using the 3D-DIC measurement method. The tests were carried
out in the elastic range to safely reach non-plastic strains and convert
them, via Young’s modulus, into stresses to evaluate the real stress
concentration on the surface. The determined stress difference factor on
Rumul Cracktronic was determined for AlSi10Mg to be Cajc = 0.88
while using the specific miniature adapter. Compared to Nicoletto’s
results, the correction factor determined for this study shows no sig-
nificant difference.

For comparing the fatigue behavior, different S-N curves of
AlSi10Mg are presented in Fig. 7a and show the effect of miniaturiza-
tion. Batch AM-10-M-In represents the initial testing results before DIC
factor determination, therefore the corrected S-N curve (—12 %) with a
correction factor of o, c¢f = 6,-0.88 (batch AM-10-M) (Fig. 7a) can be
subsequently used for further figures. The S-N curve of batch AM-10-S
represents standard bending specimens (Fig. 1a), which were tested
under constant stress amplitude at a stress ratio of R = 0.1. Both con-
ditions (AM-10-M and AM-10-S) show a comparable fatigue behavior in
the lower HCF regime, but increasing deviations in the higher HCF
regime. There was one outlier in the test after run-out, which showed a
proven deviation in the defect structure compared to all other miniature
samples. The slope of the tested batches is different, therefore a uniform
HCF assessment of standard and mini-bending specimens is not possible.

Fig. 5. u-CT scan for AlSi10Mg a) mini-bending, b) standard bending, and c) uni-axial specimen for 3D-pore-analysis.
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Fig. 6. Evaluations of u-CT scans of a) mini-bending b) standard bending and c) uni-axial testing of AM-AISi10Mg specimens with LogNormal extreme value

distributions.

For statistical evaluation of the Basquin fits for S-N curves, coefficient of
determination (R?) and 90 % scatter bands were introduced and showed
high precision and confidence. Comparing the averaged initial defect
sizes a; of both conditions which were calculated out of the fracture
surface in ImageJ software, it can be concluded that mini-bending
specimens show reduced defect sizes of about 19 %. As a result of
smaller specimen volumes, the probability for larger defects will
potentially decrease (shown in p-CT investigation of Fig. 6) and can
explain the increased fatigue performance in Fig. 7 for a higher number
of cycles and the smaller average defect size a; of mini-bending speci-
mens (N ~ 109). Additionally, the failure-initiating defect sizes for all
specimens are listed in Table 5 to show the effect of defect size on fatigue
behavior. Due to the mentioned differences in S-N curves between the
types of specimens, the uniform interpretation of standard and mini-
bending specimens has to be further investigated using defect-tolerant
concepts which require critical defect area measurements (Fig. 7b).

To evaluate the failure-initiating defect sizes of different specimen

geometries, Table 5 shows critical defect sizes during CAT. The critical
defects were observed via SEM and assessed using ImageJ software for
shape and area calculations.

Preliminary investigations [29-31] already showed a positive effect
of using fracture mechanics approaches such as curves according to
Shiozawa based on the concept of Murakami for uniform fatigue toler-
ance of uni-axial testing of Al-Si alloys. To extend and validate the use of
these defect-based assessments, the transferability to (mini-)bending
specimens is investigated. Fig. 8 shows the so-called Shiozawa curve (K-
N curve) in which the cyclic stress intensity factor (SIF) is plotted over
the quotient of the number of cycles to failure Nf and initiating defect
size N¢ / a; (x-axis). The K-N curve for the batch of mini-bending spec-
imens shows an appropriate slope with a typical value for Paris exponent
m for Al-alloys of 5.2 while the exponent for uniform prediction is
slightly reduced. Using the defect-based approach of Murakami, the
fatigue damage tolerance assessment of mini and standard bending
conditions is significantly improved and can be validated for AlSi10Mg
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Fig. 7. a) Comparison of Woehler (S-N) curves for i) standard bending (AM-10-S), ii) initial mini-bending (AM-10-M-In), iii) corrected mini-bending (AM-10-M) and
iv) uni-axial testing specimens of AlSi10Mg with b) SEM fractography of failure-initiating defect.

Table 5

Failure-initiating defect sizes of different testing geometries AM-10-M, AM-10-S, AM-10-A.

W W

Stress amplitude o, Failure in. defect size a; Stress amplitude o,

Failure in. defect size a; Stress amplitude o, Failure in. defect size g;

[MPa] [pm] [MPa] [um] [MPa] [pm]
100 210 90 247 90 228
80 183 80 140 80 198
70 178 70 230 70 239
60 138 60 193 60 281
60 100 60 198 50 213

50 207 40 171

50 185

40 193

bending specimens. Furthermore, the intrinsic threshold can be deter-
mined with AKy, = 1.7 MPa\/m for mini specimens and AKy, = 1.3
MPa+/m. Due to variances in critical defect sizes of mini- and standard
bending specimens, the determined threshold is different for these ge-
ometry types. AM-10-S specimen shows a larger critical defect size,
therefore a smaller stress amplitude is necessary for failure,

a

N

£ 104R?=0.99 AISi10Mg

$ 87 f~77 Hz, R=0.1

= 64 AKy = 1.7 MPaym

% 4 7] P% -1/5.2

3 4 123.(NJa) "5

@ 24 90% v

®

w A AM-10-M A

% 1 90% scatter band

S J-7run-out (r-o)

> 4

O 05 | rtest alfter r-o | | |
107 108 10° 100 10™M

Defect rel. fatigue lifetime Ny/a; [m™]

consequently the SIF will be lower than for the mini-specimen. These
results indicate that differences in S-N curves are caused by different
defect distributions of mini-bending specimens and can be included in
fracture mechanics.

Further benchmarking, classification, and integration of uni-axial
and bending test results are shown in Fig. 9a. The Paris coefficient C

b)
10 {R2=0.94 AISi10Mg
8 f~77 Hz,R=0.1
6] AKy, = 1.3 MPaym
4+ 10%

7 1404NJa) 0
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Yyl
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Defect rel. fatigue lifetime Nda; [m™]

Fig. 8. a) Shiozawa (K-N) curves according to the approach of Murakami for mini-bending specimen, b) comparison cyclic SIF of mini and standard bending

specimens of AlSi10Mg.
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b)
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Fig. 9. a) Uniform Shiozawa (K-N) curve for all specimen types, b) quantitative evaluation of Woehler and Murakami approaches for different geometries

of AlSi10Mg.

and exponent m can be determined using the power law fit of Eq. (1).
The uniform Shiozawa curve shows an improved prediction of the fa-
tigue life with high accuracy and no significant outliers. The intrinsic
threshold against failure and damage initiation can be determined for a
uniform assessment with AKy, = 1.2 MPa+y/m which is comparable to the
literature. [29].

When focusing on quantitative evaluations in Fig. 9b, the variation in
the scatter range T between the integral approach of Woehler and the
local concept of Murakami can be evaluated. For all specimen types,
better accuracy and prediction can be identified by using a linear elastic
fracture mechanics approach. According to previous studies, the positive
effects of fracture mechanics approaches have been investigated
[32,33]. Especially the decreasing T value, resulting from the scatter
bands, for AM-10-M emphasizes the importance of fracture mechanics
due to the significant effect of defect distribution combined with
reduced specimen size on fatigue behavior. For uniform lifetime pre-
diction of different testing volumes respectively specimen types, the
approach of Murakami improves the prediction of damage tolerance and
leads to good fatigue and threshold determination.

3.3. (Short) crack propagation behavior of miniaturized AlSi10Mg
specimens

Previous studies showed that especially short cracks have a signifi-
cant impact on fatigue properties [34]. In addition, micro-cracks grow at
lower stress intensity threshold values than long cracks and

a)

consequently have to be strongly investigated and understood [35,36].
While conventionally produced specimens contain a high amount of slip
bands in the crack tip area (Fig. 10b) [37], additively manufactured
components show no slip band formation for as-built condition
(Fig. 10a) because of Si-rich phase networks, grain boundaries, and
critical defects which affect the dislocation behavior during crack
propagation and the crack propagation process itself [23].

Based on the fractographic investigations of mini-bending and uni-
axial specimen geometries, differences can be macroscopically detec-
ted. Fig. 11a shows a homogeneous crack initiation and propagation on
the crack surface for constant cross-section specimens. In contrast, the
surfaces of mini-bending specimens show a different and inhomoge-
neous crack propagation behavior due to a gradient stress distribution of
bending load (Fig. 11b). The investigations indicate that crack initiation
occurs at the largest and surface nearest manufacturing defects. Due to
the neutral axis in the cross-section, the fatigue fracture surface is not
comparable to those with uni-axial loading. Micro cracks mainly prop-
agate in the surface plane, where the higher stresses apply. Crack growth
inside the material is significantly less compared to growth on the sur-
face and only occurs up to the neutral axis since testing was carried out
at R = 0.1. Fig. 11b supports this assumption based on the geometry of
the fatigue fracture surface. The crack length was determined using a
high-resolution camera system for in-situ measurements. In addition to
SEM fractography, EBSD scans were conducted to investigate micro-
structural effects on the crack propagation behavior of additively man-
ufactured mini-bending specimens. As illustrated in Fig. 11c, AISi10Mg

b)

Fig. 10. Microcrack propagation of a) additively manufactured AlSi10Mg and b) conventionally produced cast alloy after fatigue test.
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L‘\I.Q'LM"/__- Ez

Fig. 11. SEM-fractography of a) standard uni-axial specimen, b) mini-bending specimen, c) inverse pole figures of mini-bending AlSi10Mg in crack area, determined
by EBSD, and d) pole figures for the ODF.

a) b)
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Fig. 12. a) Cyclic crack resistance curve and b) comparison of theoretical Murakami-Noguchi approach for long crack threshold with experimentally determined
thresholds of AlSi10Mg.
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shows transcrystalline crack propagation and is not affected by the build
direction. The grain size is larger than the cellular structure. The
microstructure shows an AM-specific fine-grain texture with different
grain orientations. Black lines inside each grain show traces of {111}-
sliding planes where red lines emphasize activated sliding planes. Due to
lower necessary energy for {111} slip planes of fcc lattices, crack
propagation will occur with shear stress controlled in the (110) direc-
tion. The investigated pole figures based on EBSD data from the crack
region show no significant texture and therefore no correlation with
crack propagation behavior (Fig. 11d).

To evaluate the short crack propagation behavior of mini-bending
specimens, the aim was to adopt a micro notch. Fig. 12a shows the cy-
clic SIF AK versus the change in crack length Aa. The fitting curve was
estimated using a modified NASGRO equation according to Maierhofer
et al. [38] which was already applied by Pourheidar et al. [11,39] and
shows good prediction (R?> = 0.91). In addition, the scatter range T
resulting from the ratio between 90 % and 10 % error bands is signifi-
cantly small. The crack threshold was experimentally estimated to be
AKjpc = 1.71MPa\/ m for AlSi10Mg. To compare experimental results
with numerical estimations according to Murakami and the extension
suggested by Noguchi which can be used for predictions of the fatigue
limit as well as the threshold value [17,19], Fig. 12b shows a model-
estimated approach based on hardness and defects. The curves are
plotted as log-log functions. When comparing both, significant differ-
ences in model-based and experimental curves have to be considered.
When calulating the value of AKSffC the stress ratio has to be taken into
account, since the approach is valid for R = -1. The difference between

both curves leads to an approximated correction factor of AK4M, = 0.67-

AK‘:;?; which fits best in average to safely describe additively manufac-
tured material behavior with the use of fracture mechanics model-based
estimation. The results also show a reduced damage tolerance of about
33 % of additively manufactured Al-Si alloys which could be already
investigated in the results of Tenkamp et al. [30].

3.4. Experimental validation and model transfer to previous studies [

For an appropriate design and prediction of safety-related compo-
nents, a uniform fatigue damage tolerance model is necessary. In terms
of experimental validation and proofing, the correction factor of 0.67
was applied to previous results of die-cast and additively manufactured
specimens. Previous studies by Tenkamp et al. [30] showed uniform
lifetime prediction of cast AlSi10Mg and AlSi7Mg. For validation, die-
cast AlSi7Mg with different conditions is chosen and illustrated in

a)
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e 33 4 R=-1;,f=70Hz
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g 2 16.9- (N5
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Fig. 13a. It shows the relative S-N curves with the estimated fatigue limit
Eq. (6) related to Murakami-Noguchi which can be also used for
threshold determination Eq. (5). Consequently, the calculated correction
factor can be equivalent transferred from the threshold determination of
Fig. 12b to the fatigue limit and applied to Fig. 13. When comparing
both curves, a reduced fatigue limit of additively manufactured com-
ponents (PBF) to conventionally die-cast produced parts (DC1-3) could
have been investigated. Using the improved model-based assumption in
Fig. 13b, both conditions can be uniformly estimated and predicted
using the same approximated and corrected fracture mechanical/fatigue
limit approach (1/0.67) independent of material composition and
manufacturing process.

4. Conclusions and outlook

The effect of process-induced defects of scaled additively manufac-
tured mini-bending specimens was investigated and analyzed to develop
a resource-efficient testing strategy using small specimens. The
aluminum alloy AlSi10Mg was characterized in as-built condition under
alternate bending load to analyze the effects of miniaturization on the
fatigue properties, which is necessary to trace the results back to uni-
axial loading of conventional specimens.

The fatigue behavior was characterized by a specific stress ratio
using S-N curves and compared to the standard. Due to differences in
fatigue behavior of miniaturized and standard specimens, a uniform
prediction in the HCF regime was not reached.

The fracture mechanics approach according to Murakami was used
and failure-initiating defects were considered to calculate the cyclic
stress intensity factor (SIF) at the defect to improve the lifetime
assessment.

The experimentally determined SIF threshold limit was compared to
the model-based approach of Murakami-Noguchi and clearly showed a
reduced limit of approximately 33 % for additively manufactured
AlSi10Mg compared to conventionally produced parts. It could be
shown that the short crack propagation rate of A1Si10Mg is significantly
reduced as well as the fatigue limit due to different testing volumes and
defect distributions.

Finally, the approximated difference factor of 0.67 (33 %) was used
and applied for validation of previous studies in the case of uniform
lifetime predictions for AM and cast conditions.

Therefore, the determined and to the specific load ratio converted
factor leads to a uniform description of the fatigue and threshold limit
for different manufacturing processes and enables a further improve-
ment of standardized damage tolerance assessments.

b)
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Fig. 13. Validation of experimentally determined correction factor: a) Relative S-N curves for AM (PBF) and die-cast (DC) [25] and b) uniform assessment of

different manufacturing techniques.
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