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The full potential of additive manufacturing (AM) components is today yet to be reached. Space and aerospace industries are still conservative in the use of AM parts
for safety-critical applications, mostly because of the uncertainties and low reproducibility that are often associated with the process. One of the most challenging
issues is the fatigue resistance. The rough surface condition and the presence of manufacturing defects can cause significant scatter, leading to the adoption of large
conservative safety factors. To robustly model the fatigue resistance of defected AM materials, there is a need to implement defect-tolerant designs and deal with
these uncertainties. The present research activity aims at developing a model for fatigue life estimation in a large range of loading conditions, from high cycle fatigue
to low cycle fatigue. This is achieved by adopting a fracture mechanics approach, through elastic—plastic fatigue crack growth calculations based on the known defect
population inside the material. The model has been applied to AlSi10Mg produced by three slightly different selective laser melting processes, showing a robust
estimation of fatigue life and scatter with limited experi-mental effort. The life predictions performed are then summarised in design maps where the allowable stress
(or strain) depends on the defect size and on the HCF/LCF design upon the number of cycles selected.
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1. Introduction

In the recent years, additive manufacturing (AM) has introduced out-
standing opportunities for various applications. The fundamentals and
working principles of AM offer several advantages, including significant
material and mass saving, near-net-shape capabilities, superior design,
geometrical flexibility and significant reduction of concept-to-validation time
[1]. These advantages have raised the interest of space and aerospace
companies, as well as automotive, medical, and energy industries. The
possibility to significantly reduce fuel consumption and emissions, the in-
creased payload allowed by important weight saving and the massive re-
duction of the fly-to-buy ratio [2] have caused space and aerospace in-
dustries to take the lead in the design and verification of these parts.

The long-term goal is to directly qualify the process and materials
and to obtain a fast and robust process flow from concept to part ver-
ification. At the moment, this is still not yet fully achieved, and the
verification of structural parts is performed on the particular case-study,
which usually implies large time and costs. However, the development
of holistic process flows has demonstrated the capability to reduce the
time from concept to verification for flight to almost eight weeks, with
aggressive testing campaign to guarantee the project spe-cifications are
met [3].
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Despite the many advantages of AM and the rapid, continuous im-
provements in the process, the high stakes involved creates apprehen-
sion and conservatism among many industry leaders regarding the
readiness of the technology for structural flight parts. One of the main
limiting drawbacks is the difficulty to achieve good and stable material
quality. This mainly refers to the poor surface roughness and com-
pliance to strict tolerances and to the ineluctable presence of manu-
facturing defects.

The problem of obtaining a good surface finishing without resorting
to standard manufacturing is currently being investigated by many re-
search groups in academia and industries. Among the several possibi-
lities, there are chemical or electrochemical etching [4], sand blasting,
micro shot-peening, and vibratory polishing [5], or laser ablation during
the process [6]. At the same time, the producers of AM machines are
constantly improving the final quality that can be obtained from the
process [7,8].

Considering manufacturing defects, the size of these flaws has
considerably decreased in recent years [9], and further improvements
may still be possible through adequate process control. At the same time,
the main concern for industries is more to speed up the process than to
completely eliminate defects. Hot isostatic pressing (HIP) guarantees
almost complete elimination of the voids, but the use of this
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Nomenclature

a crack depth

c surface crack length

da/dN  crack propagation rate

d, sample gauge diameter

Ly sample gauge length

C,n,p NASGRO equation parameters

E Young’s modulus

E’ Young’s modulus for plane strain condition

K, n Ramberg-Osgood parameters

Ny number of cycles to failure

Neo knee-point of the Wohler curve

P crack length independent damage parameter

R stress ratio

R, strain ratio

Ry tensile strength

Rp02 0.2% proof strength

R0z stabilised cyclic yield strength
boundary correction factor for SIF calculation

a constraint factor

€ strain level

v Poisson’s ratio

a stress level

fon) flow stress

Oul closing strain level

Omax maximum applied stress

Top opening stress level

af’», e'f, b, ¢ Coffin-Manson parameters

AT cyclic J-integral range

AK SIF range

Ae strain range

Ao stress range

technique is limited due to the high cost and complexity. Depending on
the material, the presence of defects could significantly decrease the
fatigue properties, even for small dimensions (e.g., of the order of 100
um in terms of diameter). Despite this reduction in fatigue resistance
not being a limiting factor in many applications, the designer still has to
deal with defect-tolerant concepts and assessments.

Further issues related to AM are the large scatter often associated
with experimental fatigue data and the poor repeatability. This gen-
erally involves the need for extensive fatigue testing campaigns to ro-
bustly assess the resistance of every build of material, as well as the
adoption of excessive safety factors to cover the risk of unknown un-
knowns [10]. In order to solve these issues, a thorough understanding of
the material behaviour under fatigue loading, together with probabil-
istic approaches to deal with uncertainties, are needed [11-13].

A literature review of two of the most used lightweight alloys in the
space and aerospace sectors (AlSi10Mg and Ti-6Al-4V) [14] showed the
applicability of the Kitagawa diagram [15] for assessing the fatigue limit of
parts containing manufacturing defects. The defects can indeed be treated
as short cracks at stress levels close to the fatigue limit. The scatter is a
combination of the inherent variability and dependence on the defect size,
which can be simply described by the Murakami’s ./area parameter [16].
The application of these concepts [9] has shown that fatigue resistance and
experimental scatter are mainly controlled by the most detrimental defect
present in the material. The most important variables to assess the critical
defect size are the applied stress, the defect area and the distance from the
surface. More complex models including the effect of defect shape, proxi-
mity of other defects and plastic-strain concentration have also been
adopted with limited improvements [17]. The determination of the critical
defect size for a given volume of material can be obtained through statistical
investigations of X-ray computed tomography (CT) measurements [18].

Aoy fatigue limit in absence of defects
Acronyms

AM additive manufacturing

COD crack opening displacement

CT computed tomography

DIC digital image correlation

EPFM elastic—plastic fracture mechanics
FCG fatigue crack growth

HCF high cycle fatigue

LCF low cycle fatigue

LEFM linear-elastic fracture mechanics
RO run-out

SEM scanning electron microscope
SIF stress intensity factor

SLM selective laser melting

VA variable amplitude

Indices

0 initial value

a amplitude

cl closure

eff effective

el elastic

f final value

lc long crack

max maximum

op opening

pl plastic

th threshold

Finally, it has been shown that finite life in the elastic field can be predicted
by fatigue crack growth (FCG) simulations based on linear-elastic fracture
mechanics (LEFM), while plasticity plays an important role at higher stresses
and elastic—plastic fracture mechanics (EPFM) shall be used.

Therefore, the present work aims at extending the approach de-
veloped in [9] for HCF of AlSi10Mg, obtained by AM, to the low cycle
fatigue (LCF) regime through an elastic—plastic definition of the driving
force ahead of the manufacturing defects. The goal is to develop a single
model able to describe the fatigue resistance of an AM material from the
HCF threshold condition to LCF.

1.1. Elastic-plastic fracture mechanics

Although most proof test analyses reported in the open literature
successfully employed LEFM, it is now recognised that a proof test
analysis should be based on EPFM [19]. Conventional fatigue crack
propagation approaches rely on the relationship between the stress
intensity factor range and crack growth rate, whose application is
limited by small-scale yielding conditions. Outside the small-scale
yielding limits, the applicability of a parameter derived from a linear
theory decays, and the stress intensity factor range shall be substituted
by a crack driving force parameter of elastic—plastic fracture mechanics
[20]. This becomes very important when assessing components, most of
which are subjected to a large range of stress and strain cycles.

Considering space parts, for example, there are multiple load cases
to be considered for the fatigue assessment (e.g., transportation, launch,
on-orbit unloading, normal operation, thermal cycles, etc.). Similar
considerations can be done for aerospace applications, as well as for
automotive, energy, medical, etc. If most of these loading cycles can be
irrelevant for fatigue damage, some loads can make fatigue cracks



nucleate and propagate. The ability to predict the structural damage
during the life cycle of the part is then a very important asset, especially
considering various loading conditions and variable amplitude (VA)
loading. The standard assessment for VA loading is based on cumulative
damage models (e.g., Miner rule [21]), which are simple but sometimes
not very accurate [22]. Improved prediction accuracy has been achieved
for cases where the effects of the load history are incorporated into the
analysis: the models based on the transient elasto-plastic fa-tigue
damage offer higher precision [23-26].

Dealing with LCF resistance may also be necessary in the assessment
of structures where stress raisers (e.g., sharp corners or notches) can
cause local plasticity [27]. A limited amount of research focusing on the
LCF resistance of AM material is available in the literature. Among the
materials investigated, there are Ti alloys (Ti-6Al-4V [28-30] and TC18
[31]), AISI 316L [32] and Inconel 718 [33,34]. However, to the authors
knowledge, no research has been conducted on AlSilOMg except a
preliminary investigation by the authors [35]. Some of the important
results of these activities are recurrent short LCF lives compared to
wrought material due to lower ductility [30,36], negligible crack nu-
cleation time [37,38], numerous crack initiation sites and possible de-
fect clustering effects [9,31,32,36] and significant influence of residual
stresses [28] and anisotropy [34] on the cyclic behaviour. Aydinoz et al.
[33] experienced strong asymmetrical behaviour in Inconel 718 after
solution annealing and ageing treatments, which may fully or partially
decrease with continued cyclic loading.

For the reasons discussed, this paper investigates the LCF resistance
of AlSi10Mg specimens produced by selective laser melting (SLM). To
broaden and validate the model, the material tested was manufactured
by three different processes. The research is constructed on the top of
two pillars: (i) the fatigue properties of AM materials appear to be
controlled by the manufacturing defects close to the surface
[30,32,36,39] and the fracture mechanics tools already available can be
used for defect tolerant design [9,14,18]; (ii) modelling the fatigue life
through the elasto-plastic crack driving force incorporating crack clo-
sure concepts leads to satisfactory prediction accuracies both in the LCF
and HCF regimes [20,23]. This approach enabled the generalisation of
the classical Kitagawa diagram for HCF design into defect-tolerant maps
which, provided the number of cycles ranging between the HCF and the
LCF regimes, report the allowable stress (or strain) as a function of the
defect size.

The paper is organized as follows. Firstly, the experimental details of
the research are reported in Section 2. The LCF results are then
presented in Section 3, highlighting the evidence that manufacturing
defects control the fatigue behaviour when a proper surface finish is
ensured. The analysis of LCF through the adoption of AJ.s model is the
objective of Section 4, with a detailed discussion of the effect of defects
on fatigue properties in Section 5.

2. Experimental details
2.1. Material

The experimental activity was based on samples fabricated by SLM
using the aluminium alloy AlSi10Mg. Five series of cylinders were
produced on an EOS M400 powder-bed machine between 2015 and
2017. An inner hatch filling strategy was adopted for all the samples.
The contouring on the surface was not necessary, as the diameter of the
cylinders was halved by machining to reach the final gauge diameter.
The samples were produced by three processes, referred to as process 1
to process 3 (P1-P3). The same SLM machine, powder, and manu-
facturing parameters were adopted for P1 and P2. Therefore, no re-
markable differences are expected between these processes. However,
owing to the rapid development of SLM technology, the recirculating
inert gas system required to remove released gas and particles was
improved in the meantime. P3 was optimized with the aim of im-proving
the fatigue resistance. The two parameters modified with

Table 1
AM processing parameters adopted for the three processes (: data not disclosed
due to confidentiality agreement with the manufacturer).

SLM process parameter P1 P2 P3

Laser beam power (W) 1000 1000 *

Energy input (J mm—3) * * 50

Laser beam focus diameter (um) 90 90 90
Layer thickness (um) 60 60 30
Pre-heating temperature of the platform (°C) 200 200 165

respect to the previous processes were the layer thickness (reduced from
60 um to 30 um) and the platform pre-heating temperature (re-duced
from 200 °C to 165 °C) [5]. The porosity values calculated by CT scan
resulted 0.12% to 0.28% for P1, 0.15% to 0.38% for P2, and 0.02%to
0.04% for P3. The details of the manufacturing parameters adopted are
reported in Table 1.

Two different orientations have been investigated, placing the spe-
cimen’s axis parallel or perpendicular to the building direction. These
will be referred to as vertical (V) and horizontal (H), respectively. None
of the parts received any final heat treatment; however, significant
residual stresses were not expected owing to the platform pre-heating.

The microstructure was analysed by observing polished cross-sec-
tions with optical microscopy, considering all the processes and or-
ientations investigated. Chemical etching was performed applying
Keller’s reagent (95 mL water, 2.5 mL HNO3, 1.5 mL HCl, 1.0 mL HF) for
10 s, the results are depicted in Fig. 1. The micrographs indicate the
typical half-cylindrical shape of the melt pools, as well as the presence of
some voids. More details about the microstructure of AlSi10Mg alloy are
reported in [40,41], which show a microstructure very similar to the one
investigated, constituted by fine nanocells. Based on these analyses, it
was determined that a short crack regime can be adopted when the size
of the detrimental defects is large enough with respect to the
microstructural features (i.e., approximately larger than 100 um).
Therefore, a fracture mechanics assessment of these defects can be
adopted [9].

2.2. Static properties

The static tests performed on the three processes investigated have
been described in [9], and the results are summarised in Table 2. The
data show an increase in both the yield stress R, o, and ultimate tensile
stress R,, between P1 and the other two processes. At the same time, the
variability between the different samples decreased, confirming the
process improvement. In all cases, these static properties outperform
those obtainable by casting. Even the maximum strain at failure is
reasonably high, as it reaches 6.4-7.2% for the horizontal samples and
slightly lower values for the vertical orientation. As the elongation to
failure was repeatable, the possible reasons for the differences in
strength between P1 and P2 is most likely caused by a different thermal
history. In fact, it is known that the gas shielding has the double effect of
reducing the spattering phenomena as well as influencing the cooling
rate of the melt pool [42]. As for the defects, their influence with re-
spect to static resistance is expected to be small.

2.3. Residual stress measurements

The presence of residual stresses due to the manufacturing process
was investigated by X-ray diffraction. The measurements were per-
formed on one vertical sample from P2 along a path perpendicular to the
building direction.

Electro-polishing technique was adopted to achieve a 400 um ma-
terial removal with a step-by-step procedure. Two diametrically op-
posed points on the gauge volume were investigated. Electro-polishing
was performed on a circular area with a diameter of 5 mm by using an



Table 2
Summary of the AlSi10Mg tensile properties [9].
Process  Orientation E (GPa) Rpoz2 (MPa) Ry (MPa) A% (%)
P1 Horizontal ~ Average 73.3 224.9 365.3 6.8
std. dev. 0.4 4.8 4.9 0.4
Vertical average 72.6 236.3 406.4 5.3
std. dev. 0.2 16.7 5.0 0.4
P2 Horizontal ~ Average 74.6 304.5 441.5 6.7
std. dev. 0.1 0.7 0.7 0.1
P3 Horizontal ~ Average 70.2 291.0 443.7 6.6
std. dev. 1.8 3.8 3.2 0.4
Vertical average 72.8 253.7 440.2 3.0
std. dev. 2.3 2.3 4.9 0.2

(c)

Fig. 1. Optical micrography after chemical etching for H and V material orientations (from [9]): (a) P1; (b) P2; (c) P3.

electrolytic solution of 94% CH3;COOH, 6% HCIO, at a voltage of 35 V. A
precision Mitutoyo micrometer (IDCH0530/05060) was used to in-sure
that a 100 um material removal was reached at each step.

The X-ray diffractometer adopted was a portable AST X-Stress 3000,
CrK-a radiation, sin?(y) method. The diffraction angle considered was
139°, with 30 s exposure time and 3 tilts in the range —45° to 45° along
three rotations of 0° (specimen axis direction), 45° and 90° (radial di-
rection).

The results obtained are depicted in Fig. 2. The low precision and
resolution of the measurements does not allow for robust quantification
of the stresses. However, the trend shows a repeatable compressive
residual stress close to the surface, which then quickly increases to zero
or slightly positive values. These results are consistent with the ones
reported by Bagherifard et al. [43] for the same alloy in the as-built
condition, except for the compressive stress found on the surface, which
was not detected in that case. The reason for this is likely to be the
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Fig. 2. Distribution of residual stresses on P2: (a) point 1; (b) point 2.

effect of turning, which can introduce some small compressive stress in
the first layers of machined samples. The measurements confirm an
almost complete removal of residual stresses achieved by platform
preheating. Note that the axial results for the horizontal orientation are
described by the 90° direction and show a quick stabilisation to zero
stresses.

2.4. Fatigue tests

The LCF response of AlSi10Mg obtained by selective laser melting
was investigated by performing axial strain-controlled tests on an MTS
810 servohydraulic machine, with a frequency of 0.5 Hz. A strain ratio
R.= -1 was applied, and the strain was measured using a clip-on gauge
extensometer with 10 mm gauge length. All fatigue samples were de-
signed according to ASTM E606 standard [44]. The relevant dimensions
of the cylindrical specimens are: gauge length I, = 16 mm, diameter d, =
6 mm and gauge volume V, = 452 mm?>. The majority of the strain-
controlled tests were carried out on samples from P1 and P2. Few
specimens of P3 were investigated, as this material showed a cyclic
response very similar to the one of P2. The S-N curves of the three
batches were investigated by a series of axial force-controlled tests,
which were reported and analysed in [9]. The results obtained in fully
elastic loading conditions have been considered in the following to
obtain a complete description of the e—Nycurves. A comprehensive
overview of the tests performed is reported in Table 3.

As the aim of this study is the assessment of AM parts in relation to
the presence of manufacturing defects, all the specimens have been
machined to avoid the detrimental effect of the surface roughness. The
final surface roughness was measured with a profilometer, yielding R, =
0.33 um and R, = 2.99 um.

2.4.1. Tests with artificial defects

A common observation in literature is that the fatigue failure of
machined AM samples is usually caused by surface or subsurface voids
[18,45-47]. To define a safe reference fatigue life curve, artificial
micro-notches were introduced in the center of the gauge volume of
some samples. The experimental investigations have shown similar fa-
tigue results for defects having similar area, but different shapes [16].
Applying the concepts described in [18], the area of the artificial de-
fects was determined as a safe percentile (i.e., 97.5%) of the maximum
defect distribution in the surface gauge volume. The dimensions of the
artificial defects obtained are summarized in Table 4, and the geome-
tries are depicted in Fig. 3. The micronotches in P1 were introduced by
milling, whereas femtosecond laser was adopted as described in [48] for
P2 and P3 due to the small dimensions required.

2.5. Fatigue crack growth properties

The FCG properties of the material have been reported in [9]. The
first set of tests performed investigated FCG in the absence of crack
closure. The tests were carried out on Compact tension (C(T)) speci-
mens from P2 at a stress ratio R = 0.7, considering the most detrimental
crack propagation direction (i.e., crack parallel to the manufacturing
layer). The da/dN—AK.s curve obtained is the input for the life pre-
dictions based on AJgconcepts, which are discussed in Section 4.

Cyclic resistance-curve tests on single edge notched tensile speci-
mens were also carried out on the P2 process in order to precisely
measure the crack propagation threshold at R = —1. The crack propa-
gation threshold resulted to be AKy= 3.2—3.6 MPa m . Epr all the details
of the resistance-curve assessment, see [49,50].

2.6. Measurements of crack development and growth under LCF

Digital Image Correlation (DIC) has been used to evaluate the de-
velopment of local plastic deformation in the material under LCF con-
ditions. A first set of two experiments was performed measuring the
local strain fields on a flattened fatigue specimen from P1 along the
horizontal and vertical orientations. The aim of these tests was to verify
the amount of local plastic deformation around the manufacturing de-
fects and quantify the effective crack incubation time. These experi-
ments aimed to provide a better understanding of crack nucleation and
propagation in LCF regime. An applied strain amplitudes, = 0.38% was
selected for the tests to guarantee a good balance between the amount of
plastic deformation and the fatigue life of the sample.

A second set of LCF experiments was performed on flattened spe-
cimens from P2 with artificial defects. The aim of these tests was to
evaluate the displacement field around a propagating crack during the
LCF cycles in order to measure crack opening and closure levels during
propagation. Three strain amplitudes were selected:e, = 0.26%, which
determines a dominant elastic material behaviour, ¢, = 0.3% and

€, = 0.38%, which promote large plasticity. The results of these ex-
periments aim to validate the crack closure model adopted in the pre-
sent life prediction model and are described in Section 3.4.

The specimens were machined according to the cylindrical geo-

metry described in Section 2.4. The central part of the specimens was

Table 3
Summary of the fatigue tests performed on the present AlSi10Mg alloy.

Process Strain-controlled Load-controlled
P1 22 18
P2 36 45
P3 7 42




Table 4
Summary of artificial defects dimensions in terms of ./area.

Process Average Jarea Std. deviation
P1 374 55
P2 290 57
P3 150 15

successively machined in order to obtain two parallel surfaces required
for the DIC measurements. The flattened surface was initially polished
via emery paper up to a grit size of P1600. The speckle pattern was
introduced by airbrushing a black paint using an Iwata airbrush with a
nozzle diameter of 0.18 mm. The images were captured by a 2 mega-
pixel Allied vision Manta G201B digital camera and a set of lens pro-
duced by Optem which yielded a final adjustable magnification from
10X to 65 x. The magnification adopted in the measurements was set
to 0.9 um/px. The combination between the quality of the speckle
pattern and the lens magnification yielded the adoption of a subset size
of approx. 70 um. These DIC settings allowed for locating the local
strain variations induced by the manufacturing defects for the LCF
nucleation tests, which are characterized by a size of the order of
50-250 um in terms of ./area. It is important to remark that the image
acquisition strategy changes according the type of test. In this case, the
goal was to locate the most detrimental manufacturing defect in the LCF
nucleation test. This was achieved considering an area of
3.73mm X 5mm for the DIC measurements, which represents the ob-
servable region in the extensometer gauge space. The magnification
was set to obtain a target resolution of 0.9 um/px, which guarantees
sufficient spatial resolution to capture the strain localization arising
from the manufacturing defects. At this magnification, the region of
interest (ROI) is 1.5 mm X 1.14 mm; multiple images were then required
to cover the target area. A set of 21 images was initially captured to
define the reference images for the correlation before specimen de-
formation. Successively, the tests were interrupted at zero strain in the
upward branch of the hysteresis cycle in order to capture the deformed
images. The pictures were then correlated and stitched together to
obtain the strain maps at specific test interruptions, which were used as
damage maps indicating the development of cracks in the material.
Additional correlations were also implemented by continuum real-time
acquisition of a specific specimens areas. In these cases, the microscope
was positioned at specific specimen locations (for example, the micro-
notch area in the LCF propagation tests) and a video was captured for
the entire hysteresis cycle. A Labview program was used to acquire and
synchronize the load cell and the extensometer signals with the images
extracted from the video. The correlations were then performed using
the image at the minimum load as reference. The strain maps obtained
from these measurements were then used to (i) study and compare the
local strains arising from the manufacturing defects in the LCF nu-
cleation tests for the horizontal and vertical orientations; (ii) detect the
crack tip position in the LCF propagation tests and then measure the
crack propagation rate. An example of vertical (axial) strain maps used
to locate the crack tip position is shown in Fig. 4a. The propagation

(a)

Fig. 3. Drawings of the artificial defects introduced in the samples: (a) P1; (b) P2; (c) P3.

Ae=0.6%

Cycle 421 _ |Cycle 653

'Cycle 850

\7 Cycle 105.
Vertical Strain (%)

1600 w
—A— Ae=0.52%
1400 |-e—Ae=0.60% 1
g —— Ae=0.76%
3 1200 1
o —El
< 1000 ¢ 1
> 2c
2 800 1
k4
i
S 6007 1
400 g
200 2 l 3 4
(b) 10 10 10
Cycles

Fig. 4. DIC investigation on a micro-notched P2 specimen tested at A € = 0.6%:
(a) sketch of the specimen geometry and sequence of DIC maps of axial strain €,

in proximity of the micro-notch; (b) measured crack advancements for the tests
conducted at A € = 0.52%, A € = 0.6% and A € = 0.76%.

curves (Fig. 4b) were then used to calculate the crack growth rates.

In addition to these tests, the crack growth rates at R = —1 for both
P1 and P2 have been evaluated measuring the surface crack length
increment by means of replica technique and optical microscopy. These
results were necessary to verify the ability of the model to estimate the
crack growth rates at R. = —1 in presence of plasticity based on the
effective elastic FCG data, which is the topic of Section 4.2.

3. Low Cycle Fatigue properties

3.1. Cyclic response

The cyclic behaviour of the present AlSi10Mg alloy shows an initial
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softening and a fast stabilisation of the peak and valley stress in the first
2-3% of fatigue cycles. This behaviour was observed for all the speci-
mens and processes. Considering different material orientations, slightly
negative mean stress was observed in most vertical specimens, whereas
this was not evident for the horizontal orientation. This is a common
behaviour in all of the processes (see Fig. 5a—c), but the scatter in the
cyclic properties is too small and the number of tests performed isn’t
large enough to statistically ensure the presence of a significant trend.
Therefore, all the specimens belonging to the same process have been
investigated together. Similar asymmetric response has been re-ported
by Agius et al. [28] considering Ti-6Al-4V produced by SLM, mostly for
the H orientation. This can probably be attributed to slight residual
stresses and anisotropy due to the manufacturing process, which can
influence the material ductility and introduce scatter in the cyclic yield
strength [28,34], as clearly depicted in Fig. 9.

The stabilised hysteresis loops have been collected and a Ramberg-
Osgood [51] equation has been fitted to this data, as shown in
Fig. 5d. The average cyclic yield strength, R;,, ,, and the Ramberg-Os-
good coefficients fitted on the various material and orientations in-
vestigated are summarised in Table 5. It can be noted that the scatter
between the points belonging to the same process results relatively
small. The cyclic yield strength R}, , , increases significantly from P1 to
P2, while no visible differences are detected between P2 and P3 up to
the maximum strain range investigated 2,,, = 1%.

3.2. Fatigue life

The results of the strain-controlled fatigue tests performed are de-
picted in Fig. 6a, which shows that P1 has the lowest fatigue resistance,
while P3 has the best properties. Process P2, instead, is characterised by
an intermediate resistance and the largest variability. These results are
in accordance with those obtained by Romano et al. [9] investigating the
HCF resistance. The main reason behind the different resistance in HCF
has been attributed to the defect size, which was seen to decrease from
P1 to P3. In fact, normalising the applied stress while accounting for the
killer defect size made possible to eliminate the scatter between the
fatigue resistance of the three processes.

The killer defect size has a strong influence even in LCF. In fact, a
shorter life is usually associated with a larger defect at the fracture
origin in case of LCF tests for the same strain amplitude and batch. Note
that in the presence of plastic deformation a different cyclic response at
the same strain amplitude has been observed for different processes. As a
consequence, a comparison between the different processes can be
performed considering the different cyclic behaviour.

With the aim of obtaining a comprehensive relationship to describe
the fatigue resistance in the whole range of applicable strains, the strain
applied to the HCF samples tested in the fully-elastic regime has been
calculated, and these data have been combined with the LCF results.
Finally, a Coffin-Manson relationship (Eq. (1)) [52,53] has been fitted to
the data related to natural defects (see Fig. 6b), and the four para-

meters resulting from the fit (oj’r b, e’fand ¢) for the three processes are
summarised in Table 6. ’

€1 = €ge T €qpl = %(ZN}")I) + E} (2]\]]")C (1)

In Section 3.1, it has been pointed out that the stabilised cyclic re-
sponse of a batch of material has limited variability. This observation
allows to describe all the specimens belonging to the same process with
a unique Ramberg-Osgood equation with negligible error. Moreover, as
the peak stress stabilisation takes place in a few cycles at the beginning
of the strain-controlled tests, the cyclic response of the material can be
simply modelled considering only the stabilised cyclic curve, i.e., ne-
glecting the initial softening. This engineering assumption allows the
use of the RO relationship to calculate the strain amplitude to be ap-
plied to cause the same fatigue damage that a given applied stress
amplitude would cause. In this way, the force-controlled test results can
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and Ramberg—Osgood fit for the three processes.



Table 5

Summary of the Ramberg—Osgood coefficients fitted on the experimental stabilised cyclic curves and their 90% confidence (confidence band for P3

not significant because calculated on a few data).

K' (MPa) n'

434 (363-518)
410 (347-484)
321 (%)

0.128 (0.105 0.157)
0.092 (0.069 0.114)
0.056 (%)

Process E (GPa) RS (MPa)
P1 73.0 195.7
P2 74.1 231.8
P3 74.7 226.9
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Fig. 6. Fatigue test results: (a) €-N strain-controlled tests; (b) Coffin-Manson
data fit.

Table 6
Summary of the Coffin-Manson coefficients fitted on the experimental data.
Process af b €f c
P1 327.5 —0.074 0.097 —0.564
P2 552.0 —0.110 5.534 —-1.017
P3 401.8 -0.073 101.7 —1.287

be plotted in terms of applied strains together with the LCF results.
The experimental observation that fatigue failures originated from
surface or sub-surface defects in HCF is confirmed even in presence of
large plastic deformation. Fig. 7a—c depicts some examples of the killer
defects found in the material. No visible differences have been detected

between the population of the killer size related to HCF or LCF tests.
However, a few LCF tests performed on P1 and one test from P2 showed
multiple crack initiation sites on the fracture surface, as seen in Fig. 7d.
It is well known that large applied strains promote multiple crack in-
itiation, because a large driving force involves more cracks overcoming
the FCG threshold. The reason why this behaviour was not noticed on
P3 and is very unlikely for P2 can mainly be attributed to the lower
density of large defects [9], which makes less probable the presence of
multiple large defects on the same plane of the main crack.

One of the considerations to be drawn is that the artificial defects
introduced in this material yield a conservative assessment of the lower
bound of the data in both HCF and LCF. For this reason, the possibility of
easily assessing a lower bound resistance by introducing an artificial
defect in the samples appears promising to simplify, shorten and reduce
the cost of material testing campaigns.

3.3. Strain localisation near defects

To assess the strain localisation near natural defects, two samples
from P1 with different orientations were investigated by DIC. In the
horizontal sample, preliminary CT results showed the presence of three
large subsurface defects close to one another. The dimension of these
defects was around 100-200 ym in terms of./ area parameter. The hys-
teresis cycle for the horizontal sample is shown in Fig. 8a. As indicated
in the stress-strain plot, the image of the un-deformed specimen surface
is defined as reference image for DIC correlation. All the images cap-
tured successively during specimen loading are defined as deformed
images. The correlations between the reference and deformed images
(captured after specific number of cycles) determine the strain maps.
Fig. 8b indicates the dimension of the subset used for the correlation and
the DIC area of interest in the extensometer region. The DIC strain maps
collected at different test interruptions (Fig. 8c) characterize the
development of the main crack from the early stages to the final crack
length at which the test was interrupted (cycle 1588). Remarkably,
strain localizations arise at the beginning of the test. At cycle 10, local
perturbations of the strain field indicate crack nucleation from the
manufacturing defect. Note that strain localisations in the same position
was already visible at cycle one, although it was hardly distinguishable
because of the noise.

A second experiment was conducted on a vertical specimen con-
firmed the same results, as depicted in Fig. 9. The DIC strain maps shown
in the comparison were obtained by correlating the images captured at
the minimum load with those captured at the maximum load of the
hysteresis cycles. The arrows indicate high local strain gradients,
highlighting the presence of manufacturing defects. Even in this case,
the strain localization for the vertical sample suggests the onset of crack
propagation already at cycle 10. These results clearly demonstrate that
the nucleation time for fatigue cracks in the LCF re-gime can in first
instance be considered negligible with respect to crack propagation
time, in accordance with the results in [37,38].

3.4. Crack opening and closure

The determination of crack opening and closure levels are manda-
tory for a correct determination of the elastic—plastic driving force
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Fig. 7. Killer defects at the origin of fatigue failure in P1 (highlighted by arrows): typical finding in (a) P1; (b) P2; (c) P3; (d) case of multiple crack initiation in P1.

acting on the crack [20,54]. The most common formulation to estimate
the crack opening level was defined by Newman [55,56] and is the
standard assumption adopted for fatigue crack propagation simulation
(e.g., NASGRO [57]). The Newman model was defined for long cracks
under constant amplitude loading with plastically-deformed material in
the wake of the advancing crack. This formulation is based on two main
parameters: the constraint factor o and the ratio op,,/0o, where the flow
stress oy is calculated as:

Op = %(RpO.Z + Rm) (2)

A fixed ratio o409 = 0.3 is often assumed to simulate HCF life [57].
The constraint factor accounts for three-dimensional constraint effects
for tensile yielding and depends on crack geometry and remote loading
conditions. When the plastic zone is small compared to the material
thickness, nearly plane-strain conditions are applicable. This is generally
the case in the HCF regime, which is the reason why the NASGRO
software considers a constant value for a for the whole pro-pagation in
the elastic region. Considering aluminium, a value of « = 1.9 is generally
adopted, as is also reported in the NASGRO data-base.

In the case of large plastic zone, instead, a plane-stress condition is
applicable, and conservative assessments of crack opening levels can be
obtained by setting o = 1. At the same time, one has to consider the real
applied oy,,x/0p ratio, where the flow stress oy is calculated as in Eq. (2),
replacing the yield stress Ry, with the cyclic yield stress R, [23,54]. In
the presence of plastic deformation, the stress—strain level at which
crack closure occurs differs from the opening point. As a general
statement, the opening stress is very low at the beginning of short crack
growth and increases with crack length according to the development of
the plastic wake. A saturation state is finally reached where further crack
growth does not significantly alter the crack closure stress [23]. Two
approaches are reported in literature to define the closure level.
According to Vorwmald [23], the crack is closed when the deformation

in the unloading branch of the hysteresis loop equals the opening strain
(Eq. (3)), while McClung and Sehitoglu [58] proposed a different re-
lationship (Eq. (4)).

S &)
Ol = Oop 4

To verify which is the most accurate approach for this material, the
experimental results for opening levels were obtained measuring the
crack opening displacements (COD) by DIC by means of virtual ex-
tensometers (see Section 2.6). The vertical displacement fields were
obtained at six test interruptions in a LCF crack propagation test per-
formed at strain range A € = 0.6%. One example of the displacement
map is reported in the contour plot of Fig. 10a. The virtual ex-
tensometer technique consists in positioning a series of fictitious ex-
tensometers behind the crack tip at various distances d and correlate the
resulting displacement with the remote stress. This technique has been
largely adopted in the case of cracks propagating in HCF condi-tions
[59-61]. More recently, it has also been adopted for LCF condi-tions
[62] and multiaxial loading [63]. In Fig. 10a, the original COD versus
remote stress is reported in terms of plastic COD (CODypic). The
opening stress is then defined as the point in the upward branch that
differs 1.5% from the maximum CODy, pic [64]. This methodology was
observed to provide robust opening stress measurements at different
distances d from the crack tip. Fig. 10b summarises the experimental
opening stress trend during crack advancement. As expected, the
opening stress increases in the first stages of propagation and reaches a
saturated value. This analysis confirms that Newman’s formulation
yields good estimates of the opening levels even in presence of plasti-
city.

Considering crack closure, it is difficult to uniquely define the cor-
rect stress level. The experimental data seem to suggest a point in the
middle between Vormwald’s (Eq. (3)) and McClung’s (Eq. (4)) hy-
potheses. Being more conservative, Vormwald’s hypothesis has been
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adopted for the crack propagation simulations presented in Sections 4
and 5.

4. Analysis of Low Cycle Fatigue in terms of crack propagation

Romano et Al. [9] have shown that the fatigue properties of dif-
ferent batches of AlSi10Mg produced by SLM can be considerably
changed by slightly adjusting some process parameters and that man-
ufacturing defects are the main reason explaining these differences.
When the material is deformed in the elastic field, the dimension of the
critical defect in a given volume of material can be estimated by
measuring the defect distribution through CT scanning and applying
statistics of extremes to determine the maximum defect size in the
surface volume [18]. Considering that the time spent for crack nu-
cleation can be considered negligible with respect to crack propagation,
a FCG model can be adopted for HCF estimate. To extend the FCG model
to the LCF regime, this assumption was herein confirmed by means of
DIC strain measurements, demonstrating that strain localisa-tion in
correspondence of natural defects starts in the very first fatigue cycles
(see Section 2.6).

The goal of the present section is to extend the crack propagation
model to perform LCF life estimates. This can be achieved through the

definition of a model that properly considers the elastic—plastic driving
force.

4.1. Fatigue crack growth model

In Section 3.4, it was shown that a good approximation of the ex-
perimental results can be obtained by adopting the Newman’s for-
mulation to model crack opening and the Vormwald’s hypothesis for
crack closure. To define a univocal formulation for the crack opening
and closing levels in both HCF and LCF conditions, some hypotheses on
the Newman’s model parameters are discussed in the following. Based
on the experiments described in Section 3.4, the model presented adopts
a fixed constraint factor for plane-strain condition of a = 1.9 in the whole
range of applied stresses. This choice allows crack closure to be
described in both the HCF and LCF crack propagation regimes, with a
slight and conservative difference in the intermediate region. At the
same time, the constant value of oy,a/0p = 0.3 typically adopted for the
NASGRO equation is a good approximation for low applied stress levels,
but it gives non-conservative results at larger stress levels. A more
precise description can be obtained adopting the real applied op.x/00,
defining oy in cyclic plasticity as in Section 3.4. Summarising, the model
assumes a constant a = 1.9 and the real applied 0,,,/0). These
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assumptions give a correct estimation for both elastic and plastic con-
ditions and a slightly conservative result in the middle region.

To properly model the fatigue strength for a defected material, one
has to consider the adoption of a proper fracture parameter that con-
siders both the elastic and plastic material behaviours. In fact, above
one third of the endurance limit in the absence of defects, 1/3-Ac,, the
driving force should be calculated considering plasticity at the crack tip
[65]. In particular, in the LCF regime it has been shown [23,58,66] that
the crack growth rate and life prediction can be precisely obtained by
integrating the equation:
da
N J (Detr) )
where the f (AJg) curve is the da/dN—AK. curve expressed in terms of
AJesr . The fatigue crack propagation law adopted is a NASGRO-type
equation (Eq. (6)), which does not consider the instability developing
when approaching the material’s fracture toughness.

_ AKineir )P

eff

d—a = CA gff (1
dN (6)

The parameters C, n, p have been fitted on the experimental data
depicted in Fig. 11. The calculation of AJ¢from FCG data can be per-

formed adopting Eq. (7), where E’ = ﬁ is the Young’s modulus for
plane strain condition and v is the Poisson’s ratio.
AKZ
Al = ——eff
TTE @)

In this way, the crack growth rate is obtained as a function of AJ.g
from the typical crack propagation tests (X s—da/dN curve), Fig. 11.
The adoption of AJ instead of AK allows to uniquely describe the crack
driving force in both LEFM and EPFM.

4.2. Modelling of elastic—plastic driving force

Under LCF conditions, the values of AJ.scan be calculated with the
formulation by Rabbolini et al. [67]. A crack length independent
parameter P; [20] is introduced as in Eq. (8):

Alggr = Y2 Py e (8)

where Y is the boundary correction factor for SIF calculation and a is the
crack length. The term P, .4 is defined by Eq. (9).
Aa;ff L3
E 4w
The effective stress range Ao and effective plastic strain range A
&plef are calculated according to Egs. (10) and (11). This is achieved
defining the opening and closing levels (see Section 3.4) and the cor-
responding points on the stabilised hysteresis curve based on the
Ramberg-Osgood model (see Section 3.1).

Preg=m ( A A Gpl,eff)

&)

AGefr = Omax—0cl (10)

Aoest
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To summarize, knowing the stabilised cyclic response and the crack
closure levels, the value AJ.gcan easily be calculated for any cyclic stress
or strain applied to the material and the life predictions can be
performed integrating Eq. (5).

At this point, it is important to verify the ability of the model to
properly determine the growth rate of fatigue cracks subjected, for
example, to LCF at R. = —1. In Section 2.6, it has been introduced that
the growth rates of fatigue cracks growing from artificial defects in
specimens tested in LCF at R = —1 have been measured by DIC, optical
microscopy and replica techniques for P1 and P2. Therefore, the model
has been applied to calculate the AJ in correspondence of all the ex-
perimental crack growth rates measured. Fig. 11 confirms the quality of
the assessment for both P1 and P2, as the shifted FCG rates are com-
pliant with the effective FCG curve based on LEFM.

A Epleff = €max—€op—

4.3. Verification on artificial defects

The model has been validated by simulating the experiments con-
ducted on the micro-notched specimens where the crack nucleation and
propagation from the artificial defects were monitored. Due to the
elongated shape of the defects inside P1 (depicted in Fig. 12a), the fa-
tigue crack propagation simulation was performed on both the depth
and surface points of the crack [35]. Considering P2 and P3, instead, the
nearly semi-circular shape of the artificial defects for FCG
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simulations at a fixed shape ratio ofa/c = 1 (see Fig. 12b). The com-
parison of the two simulation approaches on P1 showed limited dif-
ference in terms of life (below 5%). Therefore, the problem has been
simplified simulating only semi-circular cracks. The stabilised cyclic
curve of each specimen has been adopted for the calculation of AJ.

The predicted number of cycles to failure correlates very well with
the experimental results in all the strain ranges investigated, as de-
picted in Fig. 12c. The error committed by the simulations stays within
a factor 2 with regards to the number of cycles to failure Ny, which is a
common result for FCG simulations [22]. The lower precision over the
knee-point of the S-N curve (i.e., 2-10° cycles) is due to the other sources
of scatter (e.g., microstructure, residual stresses, anisotropy), which
become more important when the fatigue curve tends to flatten.

4.4. Life predictions for natural defects

In this section, the model is applied to perform HCF and LCF life
predictions in the presence of natural defects for the three processes
investigated. To perform the life predictions, the model requires the
following input data:

1. the cyclic curve;

2. the FCG curve and crack propagation threshold in absence of crack
closure (effective curve herein determined at load ratio R = 0.7);

3. the CT scan of a volume of material to estimate the prospective
maximum size of the defect.

The unique source of scatter introduced in the simulations is the
initial defect size, which is determined from the CT data as a percentile
of the maximum defect distribution in the surface gauge volume [9,18].
As the vast majority of failures was originated by surface defects, the
boundary correction factor for SIF calculation Y is defined according to
the standard solution for a surface crack propagating in a rod [68], the
crack size being described only by its depth a;, while crack shape is
assumed to be semi-circular.

The results are depicted in Fig. 13a—c. A 95% scatter band has been
obtained by considering the propagation of the 2.5% and 97.5% per-
centiles of the initial crack size. The latter estimate refers to a dimen-
sion similar to that of the artificial defects; therefore, a direct com-
parison is possible. The picture shows that the model is able to estimate
both the average life and the scatter in the whole range of strains and
stresses investigated during the LCF and HCF test campaigns. A slight
overestimation of the life is obtained for some of the samples of P3 and
for the artificial defects. This could be due to the lack of data regarding
the crack propagation curve for this process, especially considering that
the microstructure can have an important influence on the FCG of such
small cracks. Moreover, in the presence of very small defect sizes, as in
this case, the variability in the fatigue life due to the defects is limited,
and other sources of scatter can become non-negligible and require
further investigation. Overall, considering the fatigue limit region, all
the estimates yield good results.

Fig. 13b reports the HCF assessment obtained by introducing a re-
sidual stress for P2. The presence of residual stresses does not change the
hysteresis loop, but it influences the stress ratio and the driving force
acting on the crack by shifting the crack opening stress through
the R and oy,,x/0 parameters of the Newman’s model. A stress of 50 MPa
was obtained by averaging the measurements reported in Sec-tion 2.3.
The FCG simulations show that the expected life does not sensibly
change for the material and condition investigated. In general,
considering the residual stresses can provide a more robust and con-
servative assessment in HCF. Such an effect was not considered for A
€ > 0.4% because of the mean stress relaxation in the LCF regime. As no
residual stress measurements were available, these simulations were not
carried out for P1 and P3.

It is important to remark that the ability of the model to estimate the
experimental scatter is due to a correct estimation of the critical defect
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size. Experimental investigations on AlSi10Mg [9] and Ti-6Al-4V [17]
alloys have demonstrated that defect size plays a fundamental role both
close to the fatigue limit and in the short-life regions. Moreover, it has
been shown that the Kitagawa diagram can be adopted even for finite
life assessment, as the ratio Ar/Ac,, is independent of the critical defect
size. Based on this consideration, in Section 5 are presented Kitagawa-
like defect acceptance maps valid for both the fatigue limit and finite life
regions.

5. Discussion

In this work, a FCG model based on the elastic-plastic parameter
Alg has been presented, which is capable of predicting the life of
smooth and micro-notched specimens of the AlSi10Mg alloy produced
by SLM both in the HCF and LCF regimes, provided that all the relevant
material data are available. The model uses limited input material data,
the cyclic curve and the effective crack growth curve. In addition, it
requires a CT scan of a volume of material to characterize the defect
distribution for a particular manufacturing process. Details on the
verification of the hypothesis of the model were given in the previous
sections. In particular, classical FCG experiments were corroborated
with DIC measurements demonstrating that the fatigue life of the ad-
ditively manufactured AlSi1OMg alloy can be described purely by a
crack growth model, as the crack incubation time is negligible with
respect to the propagation time. The crack opening model assumed was
also verified with crack closure measurements performed by means of
the DIC virtual extensometer technique.

The applicability of the model can be further extended to define
design maps where the allowable stress is calculated based on the defect
dimension and the desired component life. In the following, the fatigue

crack propagation model has been used to assess the relationship be-
tween defect size, fatigue life and applied stress. This is achieved de-
fining the Kitagawa diagram and extending this concept to finite lives, in
order to consider the whole range of applicable stresses and strains.

The adoption of the Kitagawa diagram to AM materials has been
already verified in [14]. The classical way to obtain the diagram, for a
given material, is to perform tests with micronotches of different size
[16,69]. However, the main drawback of this method is the large ex-
perimental effort required in terms of time and number of specimens
involved.

Alternatively, the AJ.; FGC model could be applied to the threshold
condition, as suggested in [70]. According to this concept, the non-
propagation condition for a short crack with a size a can be calculated
as:

Ac,, = Ac: Al (a, Ad) = AKG, o E/ (12)

This method has been verified considering the experimental data
available for P2. As reported in Section 2.5, the resistance curve tests
have highlighted a fatigue crack propagation threshold at R = —1 of
3.2-3.6 MPaym, corresponding to an effective threshold of almost
1.20-1.35 MPa/m.

The estimated Kitagawa obtained with this AKy, .r is depicted in Fig.
14a and compared with the experimental results [9]. The figure
confirms very good agreement between the experimental data and the
proposed estimates. A slight difference between the El-Haddad model
and the estimation based on AJy is visible for the fatigue limit in the
absence of defects. A precise definition of this region is not important
for the current material, as the defect size is always larger. However, it
could be important for material subjected to hot isostatic pressing.

The same considerations can be drawn for P1 and P3. No threshold
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data are available for these materials, but the estimates based on fatigue
tests suggest a AKy, at R = —1 of approximately 4.1 MPgm for P1 (see
Fig. 14b). Finally, the threshold value estimated for P3 is consistent with
the one of P2.

Summarising, a good estimate of the average Kitagawa diagram can
be obtained knowing the crack propagation threshold in the absence of
crack closure (R = 0.7) and (when the defect size is very small) the
cyclic curve of the material. For a robust probabilistic assessment, the
determination of the intrinsic scatter associated to this diagram should
also be obtained. The experimental data available for this material have
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highlighted a variability of approximately 10%, due to several sources
of scatter (e.g., microstructure, residual stresses, anisotropy, errors
during the testing and measuring phases) [9].

The propagation model has been evaluated in a large range of ap-
plied stresses and critical defect sizes to draw a map of the estimated
fatigue life similar to that reported in [71]. The results obtained for P2
have been interpolated and the importance of the defect size is clearly
shown by the iso-life lines depicted in Fig. 15a. The importance of
defect size on fatigue life is clearly depicted in Fig. 15b for several
applied stresses. Having almost the same cyclic curves and FCG prop-
erties, the life estimates obtained for P3 are described by the same
diagram. Finally, the colormap highlights the agreement between these
estimates and the experimental data from P2 and P3. Of course, there
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Fig. 15. Fatigue resistance estimated with the FCG model for P2 and P3 and
comparison with the experimental results: (a) iso-life lines as a function of
applied stress and defect size; (b) iso-stress lines as a function of fatigue life and
defect size.

are several other sources of variability besides the initial crack size
(e.g., anisotropy, residual stresses, microstructure), therefore, some
limited error shall always be expected. This error can play an important
role when dealing with probabilistic fatigue life assessments, therefore
its magnitude is an important input for more sophisticated probabilistic
analyses (e.g., [72,73]).

6. Conclusions
This study has summarised the tests and modelling performed on

the Aluminium alloy AlSi10Mg produced by SLM by three different
processes. The significant results of the activity are:

the defect size is the principal cause of variability in the fatigue

resistance of the material, even in LCF. A safe fatigue life assessment

can be determined introducing artificial defects having a dimension
dependent on the defect population;

o the cyclic yield strength of the material can change among different

processes and can be influenced by other factors even inside the

same build (e.g., anisotropy and residual stresses);

plasticity plays an important role for the determination of the fa-

tigue resistance of AM parts; therefore, simple crack propagation

simulations in the fully-elastic regimes (e.g., standard NASGRO si-
mulations) can yield non-conservative results;

e a good estimate of average life and scatter can be obtained with a
limited amount of input data (i.e., defect distribution, stabilised
cyclic curve and FCG curve, including the crack propagation
threshold) by adopting a fatigue crack growth model based on AJ
concepts.

o the proposed model can be adopted to assess the influence of

manufacturing defects on LCF and HCF resistance of AM parts and to
estimate the Kitagawa diagram. This defect-tolerant safe life as-
sessment can simplify and enhance the design and verification
phases.

All the investigations performed have highlighted the important
influence that manufacturing defects cover on the fatigue resistance of
AM parts, as well as the main variables needed for a proper fatigue
assessment. This demonstrates the importance of the application of
probabilistic defect-tolerant models for the fatigue assessment of com-
plex parts inside a Finite Element framework. This kind of software has
been developed by PoliMi [73] and will be validated in appropriate case
studies.
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