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ABSTRACT

One of the challenges associated with additive manufacturing (AM) is the definition of an assessment
route which considers the main process signatures of the AM process. To this end, this work presents
a complete benchmark activity for the assessment of an AlSi10Mg component produced by a laser pow-
der bed fusion process, aimed at advancing the understanding of the fatigue resistance of AM materials
with particular focus on the comparison between the fatigue performances of small coupons and demon-
strators. Four builds of AlSi10Mg specimen geometries were manufactured to: (i) determine the fatigue
curves for both as-built and machined conditions; (ii) measure the fatigue crack growth rate; (iii) produce
and test under fatigue a benchmark component used as a reference for the validation of the fatigue
assessment procedure. Tools and concepts of flaw tolerance were then used to perform the fatigue assess-
ment of the benchmark component and were shown to be successful in the life prediction. Results
obtained from this wide database (related to internal defects and surface features) show that only a
fracture-based fatigue assessment is able to provide precise life estimates consistent with material crack
growth properties. Eventually, all the experimental results including specimens design, analysis of frac-
ture surfaces and raw tests’ data will be made available in a database which can be accessed and used by
the industrial and scientific communities to calibrate and validate alternative fatigue assessment proce-
dures of AM parts.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

Symbols

Sy yield stress

Su ultimate tensile stress

E elastic modulus

Ay ultimate tensile strain

A B equation parameters of the finite life region of the S/N
diagram

Ac range of stress

Aoy endurance limit in presence of a defect

Ay theoretical endurance limit for the defect-free material

Ores residual stress

Omax; Omin  Maximum and minimum stresses
Omaxeff» Ominef Maximum and minimum effective stresses
0o flow stress

AF range of axial force

Finax maximum axial force
011,022,071 residual stress components
2,0 parameters of LEVD distribution
varea  Murakami’s equivalent crack size

a in-depth crack length
c superficial crack length
N number of cycles

R stress ratio

Rer effective stress ratio
effective load ratio

L

da/dN  crack growth rate

AK range of stress intensity factor

AKy, e range of stress intensity factor at the long crack thresh-
old

AKy range of stress intensity factor at the crack threshold

Kinax maximum stress intensity factor

Kc fracture toughness

AKy range of stress intensity factor at the long threshold for
R—1

AK] range of stress intensity factor at threshold for R — 1

ap El-Haddad parameter

Jarea, El-Haddad parameter according to the Murakami’s
equivalent crack size

Ag parameter of Nasgro threshold equation

Aq parameter of Nasgro threshold equation

A, parameter of Nasgro threshold equation

A3 parameter of Nasgro threshold equation
crack closure factor

o constraint factor

c parameter of Nasgro threshold equation for positive R

th parameter of Nasgro threshold equation for negative R

parameter of Nasgro equation in the Paris regime

m parameter of Nasgro equation in the Paris regime

p parameter of Nasgro equation in the Paris regime

Rq mean roughness value

R, maximum profile valley depth

Fraxv cumulative probability of the largest defect a in a vol-
ume V

Abbreviations
MTC Manufacturing Technology Centre

Polimi  Politecnico di Milano
ESA/ESTEC European Space Agency
AM additive manufacturing
L-PBF  laser powder bed fusion
RS residual stress

M machined

AB as-built

SEB single-edge bending

WEDM  wire electric discharge machine
SEM scanning electron microscope
CA constant amplitude

LR load reduction

SIF stress intensity factor

1. Introduction

Additive manufacturing (AM), and in particular the laser-
powder bed fusion (L-PBF) process, has been analysed by acade-
mia, agencies, and industry for more than two decades [1,2].
Whereas at the beginning it was considered a research field more
suitable for rapid prototyping, recently it has made the step
towards becoming an industrially applied process [3-9]. The
intriguing possibilities of high design freedom, the possibility to
fully exploit topology optimisation, the integration of different
parts or the fact that no tooling is needed make this manufacturing
technique particularly attractive for high-tech industries like
biomedical [3], motorsports [10,11], shipbuilding [4], aviation [5]
and space [6,7,9,8,12]. These benefits are the main reasons why
AM has gained significant attention in the space industry. For this
industrial branch, the production volumes have traditionally been
low, as typically only two or maybe three parts of the same design
are produced to cover development and qualification models and
the flight part. Exceptions to this are commercial constellation pro-
grammes like Oneweb [13], where, as of January 2021, 110 out of
more than 6000 planned satellites have been launched [14].

Certainly for aviation applications, but also for some of the
space products, fatigue can be a driving factor for design. For tradi-
tionally produced materials, the fatigue behaviour has been stud-
ied for decades, and influencing factors are rather well

understood [15,16]. However, it has been recognised that one of
the challenges of today’s L-PBF AM techniques is the rather high
surface roughness and internal defects which strongly influence
the fatigue performance [17-20]. The internal defects and surface
roughness and surface-defects can be relieved by different post
processing techniques: the hot isostatic pressing techniques for
internal defects [21-23]; post-processing techniques like laser re-
melting, sand blasting, chemical or electrochemical processes for
surface features [24-27].

It has been recognized that the typical scatter of fatigue proper-
ties of AM materials [2] is due to the dependence of fatigue prop-
erties on the size of defects/inhomogeneities [28]. It follows that
the fatigue life is strongly dependent on the position, shape and
size of the so-called the killer defect [17] and it is the key ingredi-
ent for the application of the damage tolerance approach to AM
products [29]. On top of that, due to the particular processing con-
ditions of L-PBF machines, that involve melting, re-melting of the
material, and constrained shrinking, high residual stresses (RSs)
are typically accumulated in the produced parts [30-32]. Heat
treatments applied after the AM process can effectively reduce
internal stresses, but these are not expected to be removed com-
pletely [33] and can be different on witness specimens and
components.

The literature on AM is rich with research works based on the
experimental characterisation of conventional coupons. Few works
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have focused on the manufacturing and assessment of real compo-
nents [34-38], most of them concentrated on the application of
traditional fatigue approaches, and some others on the porosity/
defect assessment of printed parts [39-41]. However, as evidenced
by A. Yadollahi and N. Shamsaei [15], changes in the size, geome-
try, or number of fabricated parts strongly influence the final
mechanical properties of the AM part. This means that the coupons
used for the characterisation might not be fully representative of
the parts produced within the same build, especially for those

properties related to fatigue, rather than monotonic ones [42].

It is then essential to further investigate and compare the fati-
gue properties of coupons and components for the sake of compo-
nent qualification [43], with particular focus on the application of
the assessment procedure [44] and the key features that dictate
the fatigue performance such as the critical defects, the surface
roughness and the RSs.

For this purpose, this work defines a comprehensive benchmark
activity to assess the fatigue performances of AlSi10Mg parts pro-
duced by the L-PBF process. This study features different sample
geometries and volumes (a total of 132 specimens and benchmark
components tested) which were designed and tested to generate a
solid material database for the implementation of the life predic-
tion procedure. A special demonstrator was designed, tested and
then used as a reference benchmark. This effort enabled to gener-
ate a big database, which can be accessed by the scientific and
industrial communities for the sake of verifying different fatigue
approaches and validation of fatigue assessment software (all the
data generated are available through the Supplementary Material
of this manuscript).

The activity described herein dealt with different phases
explained in the following:

e Manufacturing of L-PBF and benchmark
components;

e Fatigue testing of specimens and benchmark components to
provide material properties and identify the critical features
(defects/surface features) at the origin of failures;

e Set-up of a fracture mechanics-based fatigue life prediction
model;

e Prediction of specimens and benchmark component test results.

specimens

2. Test campaign preparation
2.1. Geometry of the specimens

The test campaign for this benchmark activity was based on
AlSi10Mg manufactured by L-PBF, because this alloy has been
widely adopted for AM space components [12] and its process-
properties-performance has been already studied at ESA [45].

The geometry of the specimens adopted for the characterisation
of the fatigue properties are reported in Fig. 1. The endurance lim-
its and the stress versus the number of cycles to failure (S/N) dia-
grams were investigated according to the cylindrical geometry
depicted in Fig. 1a. The gauge length of these specimens was
16 mm, while the diameter of the cross-section selected was
6 mm. The fatigue specimens were produced in two different con-
ditions: as-built (AB) and machined (M). For the AB condition, only
the two specimens’ ends were machined to obtain the proper geo-
metrical tolerances required for the fatigue tests. The machining of
the M specimens was performed instead on the entire length to
completely remove the external machining stock layer, which
was 1.09 mm for the areas of interest (expected failures) and
0.09 mm for the attachment faces.

The single-edge bending (SEB) specimens (Fig. 1b) were
designed to perform crack propagation tests under different load
ratios. The nominal dimensions were 110 mm in length and with

Materials & Design 218 (2022) 110713

a rectangular section of 24 mm x 10.6 mm. The notch (6 mm
length) was produced by means of wire electric discharge machin-
ing (WEDM) with a wire diameter equal to 100 um: this guaran-
teed an initial sharp notch which favoured crack nucleation.

2.2. Geometry of the benchmark demonstrators

The benchmark components (Fig. 2) were manufactured and
tested successively in the same two conditions of AB and M as
the cylindrical specimens. The critical locations of failure for the
AB benchmark components were characterised by the same rough-
ness of the AB specimens, as it will be evidenced in the following.
The total height of the benchmark components was 180 mm. The
benchmark component was designed to have two main branches
that bifurcate from the top part and are connected at the bottom
part which is designed to accommodate a horizontal pin a with
diameter of 7 mm. The bottom part’s width was 70 mm and the
thickness 30 mm. The two parts that accommodate the horizontal
pin were each 20 mm thick. The top part was designed to have a
threaded hole which was coaxial with the loading direction. The
benchmark components were all machined in the top and bottom
parts (region shaded light red, highlighted in Fig. 2) which were
connected with the loading frame.

The comparison between the fatigue behaviour of cylindrical
specimens and components requires the calculation of the local
stresses at the failure location of the benchmark components. This
calculation was done with a linear-elastic finite element (FE)
model of the benchmark component. The finite elements adopted
were the quadratic tetrahedral elements of type C3D10. The aver-
age dimension of the finite elements was selected to be approxi-
mately 0.5 mm in the region of the two branches and
approximately 1 mm for the top and bottom ends. The total num-

ber of elements was 1.28-10° for a total number of 1.8-10° nodes.
The material was modelled as linear-elastic since the yield condi-
tion was not reached in any point for the maximum applied force.

The axial force (1 kN) was applied to a reference point which
was constrained to move only vertically and was kinematically
coupled with the internal surface of the top part of the benchmark
component (Fig. 2). In the bottom part, a second reference point
was positioned in the x-y plane of symmetry and in the same posi-
tion as the axis of the horizontal pins passing towards the two
holes. The reference point was coupled with the two surfaces of
the holes to have the same relative displacements in the Y and Z
directions being free to move along X and rotate around X. Finally,
the reference point was fully constrained. This allowed us to nor-
malise the local stress values in the points of interest and simply
calculate the local stresses for all the loads applied during the tests
(see Section 5.3).

The benchmark components are characterized by three highly
stressed regions: P1 at the neck of the upper head, P2 at the inser-
tion of the legs onto the upper head and P3 in the middle of the
legs (at the inner surface).

2.3. 3D printing and manufacturing of test pieces

All the specimens used in this study were manufactured by the
UK National Centre for AM at the Manufacturing Technology Cen-
tre (MTC). L-PBF AM was used to manufacture the parts in
AlSi10Mg material and the specific machine was an EOS M280
which has a build volume of 250 x 250 x 325 mm? (XYZ). Follow-
ing a brief parameter development study the machine parameters
that were found to offer the highest density levels were: power
370 W, speed 1300 mm/s, hatch distance 0.19 mm, layer thickness
30 um, energy density 49.9 J/mm?, and using a carbon brush
recoater.
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Fig. 1. Geometry of the specimens adopted in this study: (a) cylindrical specimens for fatigue characterisation; (b) the SEB specimen for fatigue crack growth

characterisation.

The parts listed in Table 1 were arranged as shown in Fig. 3.
Four identical builds were manufactured and they are indicated
as 242, 243, 244 and 245. All parts were built directly onto the
build plate with only the benchmark components requiring sup-
ports. 1 mm of stock was added to the base of all benchmark com-
ponents to allow the WEDM cut to remove them from the base
plate.

Results of the metallurgical analysis of the 4 cubes from each
build (ref HC-X) to measure porosity are shown in Table 2 and give
an indication of the material quality of the built components. The
processing of the machine is shown to be relatively stable across
all builds with part porosities in the region of 0.1-0.2% which is
in-line with expectations from the parameter development work.

The built samples were cut off the build plate by WEDM and the
parts were cleaned in an ultrasonic bath and rinsed with iso-
propanol to ensure they were not stored while wet. As a final
check, before passing the benchmark components on to machining,
one of each part type was optically scanned to ensure there was
enough stock material to machine back to the final state.

2.4. Machining of the benchmark components

All benchmark components were machined in the AB condition
without any heat treatment to relieve RSs. This lack of heat treat-
ment increased the risk of deformation during the machining pro-
cess which took a significant number of iterations to achieve the
required tolerances. The central surfaces of the benchmark compo-
nents were machined in one single operation without using a con-
ventional strategy consisting of roughing, semi-finishing and
finishing as this was also found to reduce distortion during the
machining. This method also allowed access so that both sides of
the benchmark component could be machined in the same opera-
tion, eliminating the need to attempt to account for distortion
when flipping the benchmark component to machine the opposite
face. A final roughness for the M specimens of R, <0.8 um was
reached. The AB benchmark components were also partially
machined following a similar procedure but with the first stage
omitted and more attention paid to mounting the part given the
increased surface roughness in the central region, which meant tol-
erances had to be relaxed.
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Fig. 2. The component geometry for the benchmark activity.

Table 1

Full list of components per build.
Part Name Part Label Quantity
Benchmark component fully machined BM 1-4 4
Benchmark component partially machined BN 1-4 4
Fatigue specimen fully machined FM 1-7 7
Fatigue specimen partially machined FN 1-7 7
Tensile specimen T1-4 4
Fatigue crack growth specimens FCG 1-3 3
Metallurgy carrier samples HC 1-4 4

3. Material and experiments
3.1. Material and microstructure

AlSi10Mg is surely one of the most adopted metal alloys for L-
PBF [46]. AlSi10Mg is also used in traditional casting processes
where, due to slow cooling conditions, the solid solution of silicon
in aluminium is transformed into an aluminium-silicon eutectic
microstructure with dispersed primary o«-Al [47]. The morphology
of AlSi10Mg obtained through L-PBF processes with the inherently
high melting and cooling rates is significantly different and can be
described with macro- and micro-structural features. The
microstructure of AM AlSi10Mg is mainly driven by the applied
scanning strategy [47]. For this alloy, the applied scanning strategy
is characterised by rotations between layers of 67 degrees. Accord-
ingly, the majority of melt pool boundaries on a vertical plane are
elliptically shaped, whereas longitudinally shaped boundaries can
be seen on horizontal planes. AlSi10Mg can precipitate Mg2Si par-
ticles naturally or through dedicated heat treatments, which
increases the strength [48]. Zhang et al. [49] describe that the
specific processing conditions of L-PBF lead to a microstructure
where some of the Si is dissolved in the face-centred cubic o-Al
matrix, resulting in a cellular dendritic «-Al phase. Si and Mg2Si
particles are assumed to precipitate in this alloy and under these
processing conditions [50]. The solid solution of Si was also found
to decrease the lattice constant of «-Al [49]. The cell size is in the
sub-micron size range and, depending on the scanning strategy, a

crystal lattice with strong anisotropy can be obtained. Strategies
where the scan vectors are always kept parallel from one layer to
the next can promote the formation of elongated grains at the cen-
treline of the tracks, growing in build direction (z) over several lay-
ers. According to the authors in [51], this anisotropic crystal lattice
formation can be interrupted by rotating the scan vector direction
by 90 degrees for each layer. The strategy applied in this work
applies a scan vector rotation of 67 degrees between layers and
it is believed to interrupt the formation of long, elongated grains
over several layers. Since some of the parts produced in this work
were large in volume, the microstructure was characterised in dif-
ferent locations along the build direction to verify the homogeneity
of the microstructure. Fig. 4 shows the micrographs of the melt
tracks for three different positions of a failed benchmark compo-
nent. The specimens for the microstructural characterization were
cut from the b-c-d positions indicated in the figure where the load-
ing was not expected to induce changes in the microstructure. The
etched sections show the same features in all the observed posi-
tions providing the evidence of a uniform process towards the
building direction.

3.2. Experimental planning

The experimental planning related to this wide experimental
campaign is summarised in Table 3. A total of 8 SEB specimens
were tested and an additional set of 5 SEB specimens from a differ-
ent manufacturer (same nominal alloy) was added to further con-
firm the results and support the crack growth data acquired. The
cylindrical specimens in the AB and M conditions were produced
from the AM builts 242, 243 and 245. A total of 23 AB specimens
and 17 M specimens were used to characterise the entire S/N dia-
gram, from the endurance limit to the finite-life regions. 15 bench-
mark components were produced in the AB conditions and 15 in
the M conditions, for a total of 30 benchmark components. It
should be noted that the number of tested specimens is compliant
with the ECSS standard that prescribes the determination of the
entire S/N diagram with at least 20 specimens for each condition.
In this study, this requirement is fulfilled for both AB and M spec-
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Fig. 3. (a) Image of build layout and (b) photograph of 1 of the 4 identical manufactured builds.

imen conditions considering that the run-out specimens were suc- 3.3. Fatigue tests of cylindrical specimens
cessively re-tested at higher stress levels (test numbers in brackets
in Table 3). The axial fatigue tests on the cylindrical AB and M specimens

were performed under a uniaxial Instron Electronpulse E10000
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Table 2
Porosity measurements of the metallurgy samples in each builds.

Build Number Sample Porosity Mean Pore Size
(%) (pm?)

Build 1 HC-1 0.146 59.3
HC-2 0.133 58.1

HC-3 0.141 54.7

HC-4 0.106 56.0

Build 2 HC-1 0.127 61.4
HC-2 0.172 74.7

HC-3 0.157 66.0

HC-4 0.144 63.7

Build 3 HC-1 0.128 60.8
HC-2 0.144 75.2

HC-3 0.212 74.6

HC-4 0.176 70.8

Spare Build HC-1 0.144 74.6
HC-2 0.145 75.6

HC-3 0.157 72.4

HC-4 0.148 67.6

machine equipped with a 10 kN load cell. The tests were conducted
in load amplitude control at a nominal load ratio of R = 0.1 and at a
frequency of approximately 35 Hz. A reduction of 10% stiffness was
considered as the failure condition, while the tests that reached

5.10° cycles without failure were interrupted and classified as
run-outs. The run-out specimens were successively re-tested at
higher load levels to feed the finite-life region of the S/N diagram.
After testing, all the specimens were statically broken in two sep-
arate parts with the aim of inducing a final brittle failure through
the use of liquid nitrogen to reveal and analyse the fracture sur-
faces. The images of the initial defects were captured with the
scanning-electron microscope (SEM) at different magnifications.
The aim of this investigation was to precisely locate the killer
defect in terms of the following characteristics: position, shape
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and size. These characteristics influence the fatigue performance
of the material and their quantification is important in relation
to the calculation of the stress intensity factor (SIF), which is the
driving force parameter selected for the characterisation of the
crack propagation process.

3.4. Crack propagation tests

The crack propagation tests were performed using a resonant
Rumul loading frame. The SEB specimens were subjected to a sinu-
soidal bending moment at a frequency of approximately 90 Hz. The
crack advancement was monitored continuously by means of two
alternative techniques: i) the specimen’s compliance measure-
ments or ii) surface crack measurements. A Rumul clip-on-gauge
was used to detect the specimen’s compliance, which depends on
the crack length; this technique was adopted for positive load
ratios. For negative load ratios, the measurement of the crack
length was performed using two lateral resistance foils produced
by Rumul (krak-gages); in this case, the change of resistance of
the foils is correlated with the crack advancement. In both cases,
after the tests, the specimens were broken at liquid nitrogen tem-
perature and the final crack length was measured precisely on the
fracture surfaces to correct the experimental data acquired. The
correction of the crack length was effective for the calculation of
the crack growth rate da/dN and for the calculation of the range
of SIF AK. Before testing, the SEB specimens were pre-cracked to
obtain an initial crack with limited load history effects, with the
aim of reducing the effect of early plastic wake developed with
positive pre-cracking loadings on the obtained long crack thresh-
olds AKwc [45]. The pre-cracking procedure was implemented
with a load ratio of R = —10 and a constant AK=2.2 MPa\/m. An
average pre-crack length from 50 yum to 100 um was measured
for all the specimens.

Fig. 4. Microstructure on a vertical plane of one of the benchmark components: (a) overview, indicating three areas of interest, (b) microstructure in lower area, (c)

microstructure in intermediate area, (d) microstructure in upper area.
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Table 3
Experimental planning of this study.

Specimen Condition AM build Number of specimens
Tensile Machined 242 4
243 1
244 2
245 3
SEB Machined 243 2
244 3
245 3
Cylindrical As-Built 242 8 (1)
(Fatigue) 243 6(1)
245 9(2)
Cylindrical Machined 242 5(1)
(Fatigue) 243 7(2)
245 5(1)
Benchmark component As-Built 242 3
243 5(1)
244 2
245 5(1)
Benchmark component ~ Machined 242 3
243 4
244 3
245 5(1)

The crack propagation tests were conducted according to two
different strategies: i) constant amplitude (CA), where the range
of applied bending moment was kept constant for the test, leading
to an increased AK; ii) load reduction (LR), where the range of
applied bending moment was decreased to allow the applied AK
to reach the AK,c. The CA is adopted to measure the crack growth
rates in the so-called Paris region. The LR procedure, instead,
enables us to characterise the knee-region of the crack propagation
curve and the AKyc. It should be noted that, before starting the
effective LR procedure, an initial CA procedure is also implemented
to develop an initial plastic wake and stabilise the level of crack
closure for the proper load ratio under investigation. The crack
advancement for this initial CA step is typically 1.5 mm. Following
the tests, the crack propagation rates were corrected according to
the final crack length and calculated adopting a crack advancement
of 50 um.

3.5. Fatigue tests of benchmark components

The fatigue tests on the benchmark components were con-
ducted on two different machines: (i) for the tests requiring a max-
imum load lower than 10 kN, an Instron ElectroPuls™ E10000
machine equipped with a 10 kN load cell was used; (ii) for the tests
requiring a load higher than 10 kN, a servo-hydraulic fatigue test-
ing system called Instron 8802 equipped with a 250 kN load cell
was used. All the tests were conducted at a load ratio of R = 0.1
with a frequency of 9 Hz and 20 Hz, respectively. Those tests in

which the component did not break until 107 cycles were consid-
ered runouts and the components were re-tested for the higher
load levels. After failure, the fracture surfaces were then observed
under SEM to reveal the inhomogeneities at the origin of fatigue
failures.

3.6. Residual stress measurements

The RSs due to the manufacturing and machining processes
were measured for the cylindrical fatigue specimens in different
locations for both the AB and M conditions. In addition, a total of
five crack propagation SEB specimens were also analysed. For all
these specimens, the RS measurements were carried out by means
of an AST X-Stress 3000 portable X-ray diffractometer using the

sin(¢)? method. Two specimens were chosen from the AB and M
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series. The RS measurements were taken in the mid axial length
of the specimens in four different locations along the circumfer-
ence at the center. The longitudinal component (parallel to the
specimen axis) of RSs was calculated.

The RS measurements for the benchmark components were
performed by means of a Bruker D8 Discover diffractometer
equipped with VANTEC-500 area detector with a Cu-Ku« radiation
at 40 kV and 50 pA and a 1 mm collimator size. The lattice strain
of 422 and 420 lattice planes at 20 = 116.56° and 20@= 137.46°
were measured on different points of each component. The mea-
surements were performed on different ¥ angles from —45° to
45°. The Leptos software was used to calculate the RSs using sliding
gravity and a biaxial shear stress model.

3.7. Roughness measurements

The surface roughness measurements on AB cylindrical fatigue
and benchmark components were carried out using a Keyence VK-
X1000 Confocal Microscope (Keyence Corporation, Osaka, Japan) at
15X magnification. The roughness measurements for cylindrical
fatigue specimens were done on 4 areas centred in the gauge
length on the surface with a 90 degree orientation towards each
other. The same measurements were implemented for the bench-
mark components close to the fracture surface area of the failed
part. The following steps were taken into consideration while mea-
suring the surface parameters:

e Cylindrical specimens: three measurements with lengths of
5.6 mm were taken in the vicinity of crack initiation sites as
shown in Fig. 5a.

e Benchmark components: a side surface(s) corresponding to the
crack initiation site was chosen for surface evaluation. Three
measurements with lengths of 5.6 mm were taken (Fig. 5b). In
case of a corner crack, four measurements (two measurements
on each side) were taken as shown in Fig. 5b.

e Maximum R; and R, values of all measurements for each spec-
imen or benchmark component were considered for further
analysis.

4. Results
4.1. Tensile properties

The tensile tests were conducted on cylindrical specimens with
a nominal diameter of 6 mm according the ASTM E8/E8M-21 stan-
dard [52] that prescribes a strain rate of approximately 0.015 mm/
mm/min. The number of tests was 10, as also indicated in Table 3.
The tensile properties of the present AISi10Mg alloy are sum-
marised in Table 4, where both mean values and standard devia-
tions are given. The mean elastic modulus was measured to be
E = 69492 MPa. The yield stress S,=258.4 MPa was determined as
the proof stress for a nominal plastic deformation of 0.2%. The ulti-
mate tensile stress was S,=469.1 MPa and, similar to the yield
stress, shows a very low scatter. The elongation at fracture was
A = 8.34%.

4.2. Fatigue tests on cylindrical specimens

Fig. 6 considers a comprehensive overview of the test results
obtained on the AB and M cylindrical specimens tested under con-
stant amplitude fatigue cycles at load ratio R = 0.1. The number of
repetitions of the specific combination of specimen type (AB versus
M) and Ao was chosen to be approximately 3 with some excep-
tions for the endurance limit region where the lowest stress range
was repeated only with two tests. The continuum solid lines were
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Fig. 5. Roughness measurements: position of the roughness measurements for the (a) cylindrical and (b) benchmark components.

Table 4
AlSi10Mg properties (mean and standard deviation values) obtained from the tensile
tests.

Property Mean Standard deviation
Ultimate Tensile Stress (Sy) 469.1 MPa 1.5 MPa
Yield Stress (Sy) 258.4 MPa 3.8 MPa
Elastic Modulus (E) 69492 MPa 1511 MPa
Elongation at fracture (A,) 834 % 0.46 %
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Fig. 6. S/N diagram for the cylindrical specimens, arrows indicate specimens
retested at high Ao after run-out condition.

defined according to the interpolation of the failures with the
equation of the type N =A - (AS)® by means of the least square
method (see ASTM-E739 standard [53]). The endurance limits
Ac?8 and AcM were calculated instead by applying the Dixon up
and down method for this case of short staircase sequence [54].
One important thing to note from the results contained in Fig. 6
relates to the evidence of a sub-category of the results pertaining
to the AB condition. As will be shown subsequently, some of the
AB specimens (yellow dots in the S/N diagram of Fig. 6) were char-
acterised by the presence of superficial corrosion pits. In between
the AB specimen tests, those specimens characterised by these cor-

rosion pits displayed a systematic lower fatigue life. For this rea-
son, the analysis of this data is provided considering the separate
cases of including and excluding those four data points. The fatigue
tests performed on the AB and M specimens and summarised in
Fig. 6 clearly indicate a strong influence on the fatigue perfor-
mances of the AB condition which is also relevant when analysing
the parameters of the fitted type in bi-logarithmic scale
log(N) = log(A) + B - log(AS) and the endurance limits Ac?® and
Ac¥, see Table 5.

The typical defects detected from the fracture surfaces are
depicted in Fig. 7. The fatigue strength of M specimens was con-
trolled by the presence of small defects and pores close to the sur-
face. For AB specimens failures were triggered by the presence of
the surface features observed on net-shape surfaces. The SEM
results show that, while all the cracks were initiated from the sur-
face, the types of defects are considerably different:

e Semi-circular defects: pores and trapped particles appear as
defects with equal depth to length ratio which were observed
more frequently on the surface of M specimens. These defects,
which occurred prior to machining the surface, were below
the surface and brought to the surface by the process of machin-
ing (Fig. 7a-b).

¢ Elongated defects: this type of defect is characterised by a low
depth to length ratio and observed over the circumference of
a specimen which is a combination of defect clusters and sur-
face valleys. This type of defect was mostly present in AB spec-
imens and led to several crack initiation sites (Fig. 7c-d).

e Corrosion pits: this type of defect was observed on a few spec-
imens and is characterised by a relatively large defect area and a
high percentage of oxygen (in the vicinity of a corrosion pit)
with respect to the other types of defects (Fig. 7e-f). Interest-
ingly, only the specimens manufactured from AM build 242
were characterised by corrosion pits. This was also confirmed

Table 5
Summary of the fatigue properties of the present AlSi10Mg alloy in the AB and M
conditions.

Condition log(A) B Aoy (MPa)
As-build (all) 13.53 -4.09 48
As-built (excluding corrosion pits) 14.25 -4.47 55
Machined 19.90 -6.54 152
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Fig. 7. Defects detected on the cylindrical specimens: (a) and (b) show two examples of defects detected from the M specimens; (c) and (d) for the AB specimens, while (e)
and (f) show the origin of failure for the AB specimens which were observed to denote corrosion pits on the surface.

by the high content of oxygen (between 25% to 50%) detected in
the proximity of these defects (points indicated with A, B and C
in Fig. 7e-f).

4.3. Residual stresses on cylindrical specimens

Table 6 reports surface RS measurements for two AB and M
specimens in terms of average of the 4 measurements with the
amximum deviations. The results show tensile and compressive
stresses for AB and M specimens, respectively. The presence of ten-
sile stresses of AB specimens is due to the combination of two fac-
tors: the temperature gradients in the AM process and the cooling
down phase of the molten top layers [55]. On the other hand, for
the M specimens, the machining process lead to compressive RSs
[56].

The values here obtained are in good agreement with X-ray
measurement by Sausto on AlSi10Mg specimens [57].

Table 6
Average surface RS results of AB and M specimens in four different positions.

Specimens Sres (MPa)
M cylindrical -76 9.4
AB cylindrical 56 14.9

Deviation (MPa)

4.4. Crack propagation tests

The data acquired on the SEB specimens show that the crack
growth rate correlates with the crack driving force parameter AK
under the assumption of linear elastic fracture mechanics. The long
crack SIF threshold AK,, values are reported in Fig. 8a as a function
of the load ratio R. The data acquired from the current AM builds
are indicated with the circular solid black dots (labelled with ESA
in the legend). The data were then integrated with additional
AK,, values from the PoliMi database characterised by the same
nominal alloy composition and the same printing direction [58].
These data points are indicated with the square blue symbols
and they integrate the data obtained from the current AM builds.
The two databases considered were used successively to fit the
NASGRO equation for the long thresholds which is indicated in
Fig. 8a with a solid red continuum line. The equations used to fit
the AK,, values are as follows:

f= max(R,A0 L AR+ AR +A3R3)

e (117,) R>0 (1)
AR = AK; L=y
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Fig. 8. Crack propagation results and their fitting with the NASGRO equation: (a)
long crack thresholds; (b) crack propagation curves. The results combine two
batches from different manufacturers.

f = Ao + AR
| %] (1+RCTT) R<0 (2)
AKth = AK] (I—AO)(th’RC;Z)
. a
AKG = AKy [ 3)

In these equations, the small crack parameter was set to
ao = 27.7um while the fitting parameters were AK;,Ch, and Cy.
The values of f and A3 are provided instead with the following
equations:
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1/a
Ao = (0.825 — 0.340 + 0.0502) (cos (j ?)) g
Ay = (0.415 — 0.0710) 2z
A3 =2A0+ A -1
Ay=1-Ao—A —As

(4)

The constraint factor oo = 1.9 considers the condition of dominant
plain strain for the threshold test and the ratio between the maxi-
mum stress and the flow stress is herein considered to be constant
and equal to e /00=0.3.

The data points indicated in Fig. 8b show an evident effect of the
RSs for the AB specimens. In particular, it can be noted that the
specimens FC1-243 (R = 0.7), FC3-243 (R = 0.1) and FC1-244
(R = —1) almost overlap despite the different load ratio. This result
clearly demonstrates the high level of RSs. It is also expected that,
with crack propagation, these stresses tend to relax, and this fur-
ther complicates the proper measurements of the crack propaga-
tion curves for the specific load ratio under investigation. For this
reason, we implemented some heat treatments as indicated in
the legend of Fig. 8b. The solid black continuum lines indicate
the correspondence with the NASGRO equation considering all
the crack growth data shown in the plot:

p
=y (1 -5)
(SR
Ke
The parameters C, n and p are obtained from the fitting of the exper-
imental data (Table 7), while the parameter q is set to zero as it cor-
responds to the part of the NASGRO equation that describes the

unstable crack propagation that occurs when K., approaches the
fracture toughness K..

da _
dN

(5)

4.5. Fatigue tests on benchmark components

The fatigue tests on the M benchmark components were per-
formed based on four load levels (Fig. 9), while the AB benchmark
components were tested at five load levels. The solid dots (blue for
M benchmark component and black for AB benchmark compo-
nents) indicate the run-outs. It is important to remark that the
benchmark component geometry was designed to have different
points with similar local maximum stress levels (P1, P2 and P3),
leading to failures occurring in different positions, and this was
also confirmed by the failure locations reported in Fig. 9 (white-
filled squared dots). The point P1 is located externally and in the
neck region of the components. P2 is still located on the external
side of the components and it corresponds approximately with
the initial position of the bifurcation of the two branches. P3 is
the internal point of the branches which is the location of the max-
imum local stress and will be discussed subsequently. It should be
noted that the failures occurred approximately in the points indi-
cated within a range of +5 mm. The number of failures for each
position indicates that the M benchmark components mostly fail
at location P2, while the AB benchmark components fail at location
P3 (Table 8). Interestingly, only one failure was observed in the
neck region P1 for an M benchmark component. The supplemen-
tary material contains all the information which pertain to the pre-
cise vertical position of the failures, also considering the position
towards the thickness. It should be borne in mind that one M
benchmark component was out of specification (red dot), but nev-
ertheless, its result is contained in the dispersion of the data points
for the specific load level.

The defects detected on the fracture surfaces for the AB bench-
mark component indicate that all the failures originated from
superficial or sub-superficial defects (Fig. 10a-c). In particular,
some of the killer defects were observed along the side of the
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Table 7
Parameters of the Nasgro equation for the present AlSi10Mg alloy; crack growth rates in m/cycle and SIF in MPay/m.
AKq ch T o (m) C m P
1.0741 —0.5408 0.1240 27.7.10°° 1.05.10°° 3.51 0.66
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Fig. 9. Life of the M and AB benchmark components as a function of the applied load range.
Table 8 cross-section (Fig. 10b-c), while failures also occurred close to the
Number of failures for the locations of the M/AB benchmark components as indicated corner fillets (Fig. 10a). The failures of AB benchmark components
in Fig. 9. are characterised by a different geometry of killer defects as evi-
Number of failures denced in Fig. 10d-f. Interestingly, only AB benchmark components
Benchmark component  Location P1  Location P2 Location P3 had a feature that could be labelled as a corner crack (Fig. 10d).
Machined 1 9 2
As-built 0 3 10
Machined
As-built

Fig. 10. Defects detected on the fracture surfaces of M and AB benchmark components.
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4.6. Residual stresses on components

The RSs measurements were performed on two opposite front
surfaces for two M benchmark components, namely the BM2-243
and the BM3-242 (see Tables 15 and 12 in the Appendix). For those
measurements a total of 11 points for each surface was selected, as
indicated in the schematic of Fig. 11a (each point represents the
mean value in the specific location, and the standard deviation of
those measurements is also provided in the Appendix). The loca-
tions were labelled as F1 to F5 and the normal stress o,,, which
is parallel to the leg axis, was analysed and plotted, as indicated
in the schematic. In particular, the ¢,, component is the stress
component that was used to perform the life predictions. As for
the M cylindrical specimens, for the M benchmark components
all the stress measurements indicate that compressive RSs are pre-
sent on the front and opposite surfaces.

Additional measurements were performed to detect the RSs on
the internal and external leg sides as well, which can not be
accessed when the benchmark component is not sectioned
(Fig. 11b). For those measurements, one M and one AB benchmark
components were selected and sectioned. Four surfaces were anal-
ysed: Z2 is the front surface (corresponding to F2 and F4 from the
first measurements), Z4 is the back surface parallel to the Z2, Z1 is
the external surface and Z3 is the internal surface. It is important to
highlight that the machining of the Z1 and Z3 surfaces consisted of
removing 1 mm in depth in one single pass initially, leaving
0.2 mm as overstock which was then removed with a final depth
cut. For the lateral surfaces (Z2 and Z4), a 3 mm rough pass was
adopted and followed by a final pass of 0.5 mm. For the Z2 and
Z4 surfaces the RSs were measured only in two locations, while
for the internal and external surfaces three points were investi-
gated. The results are also reported in the Appendix, see Tables
16 and 17. For the M benchmark component, the RSs g, varies
from approximately —80 MPa to —18 MPa in the Z2 and Z4 surfaces
confirming the presence of compressive RSs. For the lateral sur-
faces Z1 and Z3, the RSs are observed to be positive, with values
in the range of 38 to 120 MPa. These results will be extremely
important for the life prediction calculations as the RS measured
on the M cylindrical specimens (compressive) are different from
the ones measured on the lateral sides of the M benchmark compo-
nent (tensile). For all the four lateral surfaces, the M benchmark
component highlights tensile RSs in the range of 65 to 138 MPa
which are similar to values published for the same alloy and man-
ufacturing process [59-61].

5. Analysis of results
5.1. Analysis of defect distributions

In order to analyse defect distributions in cylindrical specimens
and components, the defects were divided into two groups based
on their aspect ratios (semi-superficial length ¢ over depth
a,c/a). Most observed defects in M specimens/components were
semi-circular pores or trapped gas (c/a=1), while the defects for
AB specimens/components are rather elongated or semi-elliptical
(lack of fusion, pores clusters, surface irregularities). These defects
were measured in terms of Murakami’s /area parameter [62] as
follows:

o for a defect with an aspect ratio, c/a <10 the \/area was calcu-
lated from the measured area of the feature at crack initiation;

o for a defect with an aspect ratio c¢/a >10 the effect \/area was
calculated as:

varea = tpg - V10 (6)
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where = t;q is the maximum defect depth. It is important to
apply Eq. 6 for wide shallow defects (c/a >10), because these
defects are equivalent to a 2D edge crack and its SIF is
K =1.120+/nt.

The defect data were interpolated with a largest extreme value
distribution (LEVD) distribution and the results (LEVD parameters
4 and 6 together with their 95% confidence bands calculated with
moment method [63]) are reported in Table 9.

Fig. 12 compares the LEVD plots adopted for defects at fracture
origins of cylindrical specimens and components. It is interesting
to see that for the M specimens the killer defect distributions show
defects that are lower than the ones observed on components. This
difference is due to the size effect, which can be explained with the
different critical volume for the two test pieces [65-68] and other
reasons such as the more complex geometry of the benchmark
components, the altered heat flux, the solidification conditions,
etc. Such an effect is not visible for the AB samples and compo-
nents because the surface of the specimens is comparable with
the sum of the areas of the most stressed regions of the
components.

5.2. Correlation between roughness measurements and defects

The aim of this section is to evaluate the correlation between
surface features (defects) and surface roughness parameters.
Indeed, the method used here is based on a point-by-point com-
parison of v/area with R, (maximum height of profile) or R, (max-
imum depth of valley) as surface roughness representatives. The
post-processing analysis to determine the maximum height R,
and lowest valley R, was performed by MultiFileAnalyzer software
(Keyence Corporation) using a multi-line roughness method. The
analysis was carried out fitting the data to bi-variate gaussin distri-
butions (BGD): the best correlation between defect and roughness
data was found for R, in terms of a log-log scale. Fig. 13¢c combines
the results of specimen and benchmark component defect sizes
versus R, indicator together with contour levels of the BGD. The
diagonal lines drawn in Fig. 13b are the approximation of the 2D
crack of this type:

a
varea = ER” (7)
where a/c is the aspect ratio of a semi-elliptical crack. For an elon-
gated shallow crack (when c/a >10), SIF can be approximated to a
2D surface crack as [62]:

Varea = v10R, (8)
These lines highlight the fact that the data scatter is not only
affected by defect size, but also by the aspect ratio of the defects.
The central contour of BGD is intersected by the line in which
Varea is approximated with an aspect ratio of a/c=0.25. This con-
firms the observed defects on fracture surfaces where the majority
of AB defects had an aspect ratio of a/c=0.25. The upper and lower
limits defined by semi-circular and elongated approximation which
(in this study) are a minority among defect types.

Several studies have investigated the correlation of fatigue life
data points (defect size or number of cycles to failure) with a sur-
face representative (R,,R;) of AM parts: last evidences show a
strong correlation with profile depth [70,70]. The expression of
yarea in terms of R, is more consistent with the concept of a 2D
crack (whose driving force is controlled by the depth) [18], but it
needs a suitable filtering of the profile [72,72]. Conversely, the
assumption of R, (or R;) [74-77,36] would provide simple conser-
vative estimates of defect/crack size.
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Fig. 11. RS measurements on the benchmark components: (a) front surface of two M benchmark components; (b) front and side surfaces from two pieces of benchmark
component legs (M and AB, respectively); (c) in-depth RSs measured on the two points P2 and P3 for the AB benchmark component.

Table 9
LEVD parameters: comparison between AB and M specimens and components.
Z (pm) o (pum)
Machined Specimens 65.7 + 5.1 8.3 x/+ 1.81
Components 76.5+ 7.1 12.1 x/+ 1.76
As-built Specimens 191.0 + 46.8 82.8 + 60.6
Components 210.6 + 48.6 85.2 £ 115

5.3. Analysis of benchmark component fatigue tests in terms of local
stress

Fig. 14 shows the contour plot of the maximum principal stress
on the benchmark component calculated according the finite ele-
ment model. Once the local state of stress was available, the exper-
imental test data (load, failure position) on components could be
processed to obtain the local stress at each failure location. The
S/N diagram reported in Fig. 14 compares the results obtained from
the fatigue tests on the cylindrical specimens with the results
obtained from the local stress ranges on the failure location of
the benchmark components. The results of the M benchmark com-
ponents are very dispersed and, contrary to the results in [38], they
also show a lower fatigue resistance with respect to the M cylindri-
cal specimens. In fact, the lower fatigue resistance of the M bench-
mark components is related to the different killer defect
distributions, as evidenced clearly in Fig. 12a (further discussion
in Section 9). Moreover, the RSs in the internal and external sides

14

of the M benchmark components are in tension (locations Z1 and
Z3 in Fig. 11), while cylindrical specimens had compressive RSs.
Conversely, the AB benchmark component results overlapped
almost perfectly with the results on the AB cylindrical specimens.
At first glance, the average dimension of the killer defect is similar
for the AB cylindrical and benchmark components (Fig. 12b). How-
ever, the level of the RSs is even higher than that of the specimens.
To overcome these limitations, an analysis based on fracture
mechanics concepts was adopted and its comparison with a local
stress approach is discussed in the following section.

6. Fracture mechanics-based life prediction
6.1. Life prediction of cylindrical specimens

It is well established that the condition of failure or run-out for
loadings under fatigue for ALSi10Mg parts produced by AM is con-
trolled by the features associated with the killer defect and the
endurance limit, which is, in general, a material property that is
not unique but also depends on the crack length. The El-Haddad
model modified according to the Murakami approach to defects
applied to the AM AISi10Mg has been widely discussed in
[19,28]; the reader is referred to these references for further
details. In this framework, the relationship between the fatigue
limit and the defect/crack size can be described by the following
equation:
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where \/areq, is defined as the El-Haddad parameter which is found
as the intersection point in the Kitagawa-Takahashi diagram
between the theoretical endurance limit Acy, o and the line repre-
senting the endurance limit determined by the long crack threshold
A e

1 AKgyc \?
T\Y- Aowo

The geometry factor selected was Y = 0.65, which can be applied to
a superficial crack with the dimension defined by /area. The AK¢ ¢
values were obtained from the NASGRO fitting, see Fig. 8a and
Table 7. To estimate the theoretical endurance limit (v/area — 0)
Aowpo, we used the monotonic properties (Table 1). We herein
denote it as theoretical in relation to the evidence that it cannot
be measured experimentally due to the unavoidable presence of
defects in the fatigue specimens. The theoretical endurance limit
Ao is then estimated from the S, for the load ratio R=-1 according
Aa,l,=2-(04-5,)=375.3 MPa [77]. The dependence of the Agy,

w0 —

vareap = (10)

15

Materials & Design 218 (2022) 110713

on the load ratio is then defined by the Goodman model for a load
ratio higher than —1:

-1
1 1 1+R
>—1 __
AGuo = (Aaw}o s s R>

The effective stress ratio in the absence of RSs is equal to the stress
ratio applied during the test (R;=0.1). However, as shown previ-
ously, compressive and tensile RSs are present on the surface of
M and AB specimens, respectively. Whether the RSs are tensile or
compressive, the effective stress ratio R, on the surface of speci-
mens can be calculated, which is relevant for the threshold condi-
tion of surface defects based on the stress intensity factors:

(11)

AK

Knaxeff = ]—7RL + Kies (12)
AK

Kmin.ejf = ?&RL + Kres (13)

where AK is the range of SIF, Ky er is the maximum effective SIF,
Kininef 1s the minimum effective SIF, and K is the SIF as calculated
considering the average measured surface RS reported in Table 6.
The calculation of the SIFs was performed according to the weight
functions of Wang and Lambert for low a/c <1 [78] and high
a/c>1 [79]. In correspondence with the endurance limit deter-
mined for the M and AB cylindrical specimens, we calculated R
which was —0.22 for the M condition and 0.56 for the AB condition.
Providing these Ry values, the Ag,o and AKy, - are then deter-
mined and used to construct the Kitagawa diagrams according to
the El-Haddad model. Table 10 compares the reference case R;=
0.1 and the calculated Kitagawa diagram parameters at R.

The El-Haddad models are reported in Figs. 15a-b together with
the experimental results obtained on the cylindrical specimens.
Please note that for each load ratio, three lines are plotted which
correspond to three values of theoretical endurance limit Ag,,,
considering a scatter of +5% on the theoretical values estimated
from the static properties. Each data point was introduced in the
figure according to the size in terms of \/area and the applied stress
range. For the M specimens, the effective load ratio was calculated
considering that the surface RS in compression decreases to zero in
a depth of 0.1 mm (as experimentally measured by Sausto et al.
[57]). Under this assumption, the deepest point of the crack front
determines the critical condition, for this point Ry = —0.22 was
calculated. The results evidence that the predictions performed
for R = 0.1 are conservative, while for R=-0.22, they are close to
the experimental data. Similarly, also the AB results are estimated
with a high level of accuracy by the El-Haddad model considering
the effective load ratio R.;=0.56, whereas the prediction performed
withe the nominal load ratio of R = 0.1 does not match the exper-
iments precisely. In summary, the results reported in Figs. 15a-b
demonstrate that the endurance limit of the cylindrical specimens
can be readily predicted by the El-Haddad model and by consider-
ing the effect of the RSs.

We now focus our attention on the prediction of the finite life
region for the cylindrical specimens. The life predictions were per-
formed considering the following assumptions:

e The initial crack size was taken as the average size of the killer
defects detected on the fracture surfaces of specimens (Figs. 12-
a-b).

e For the M specimens, the crack shape assumed was semi-
circular with aspect ratio of approximately a/c=1 suggested
by the shape of defects detected on the fracture surfaces (Figs. 7-
a-b). For the AB specimens, the semi-elliptical (elongated) shape
with an aspect ratio of a/c=1/2.5 was selected (Figs. 7c-d).
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Fig. 14. S/N diagram considering the local stress range on the failure location of the components and the results of the M specimens.

o The RS profile was assumed to linearly decrease from the exper-
imental RS value measured on the surface to zero towards a
depth of 0.1 mm for M specs (as experimentally measured by
Sausto et al. [57]) and 0.5 mm for AB specs, a constant stress
was then assumed to balance the equilibrium over the section.

o The effect of the RSs was accounted for by a contribution (pos-
itive or negative depending on the RS profile) to the average SIFs
thus changing the local effective stress ratio.

e The calculation of the SIFs was performed according to the
weight functions of Wang and Lambert for low a/c <1 [78]
and high a/c > 1 [79].
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Table 10
Comparison of Kitagawa diagram parameters at applied and effective stress ratios.
Stress ratio AKyp e (MPaym)  Adyg (MPa)
Reference R, =0.1 1.20 251.3
Machined R,y = —0.22 (at fatigue limit) 1.53 298.2
As-built Rer = 0.56 (at fatigue limit) 1.04 155.2
Machined
= R.=0.1 » o Failures
o >
=3
b; Run-outs
< 18P
956pm
—-
-76MPa
Ores | 100pm !
10° 10 10° 10°
Defect size (um)
(a)
R =0.1 .
Failures

>
Run-outs

As-built

10" 10? 10°

Defect size (1m)

(b)

Fig. 15. Kitagawa diagrams and comparison with cylindrical specimen tests
considering the effect of the RSs in the effective load ratio: (a) M specimens, (b)
AB specimens.

10°

e The crack growth model adopted is the NASGRO equation fitted
on crack growth data reported in Fig. 8 and the parameter
yvarea, dependent on the stress ratio [80] according the Eq.
10; the failure condition corresponded to the average crack
depth at failure observed on the fracture surfaces.

Life predictions for the AB and M cylindrical are compared with
the number of cycles to failure detected (see Fig. 16). The continu-
ous grey lines refer to the interpolation of the experimental data
points and the dashed lines refer to the 95% scatter bands. The pre-
dictions are indicated in the same figures with the blue and black
lines. It is important to highlight that these calculations were per-
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formed at a variable R since the RSs are constant for each stress
level Ao and this dictates a variable R.s which is considered in
the present simulations. Additional life predictions at the nominal
stress ratio R = 0.1 are also shown with black lines. The results
show that for both the M and AB specimens, the crack growth sim-
ulations that consider the RSs are close to the experimental data
points in both finite and infinite life regions of the S/N diagrams.
On the other hand, the predictions considering the nominal stress
ratio lead to a significant underestimation of the stress ranges for
the M specimens and to non-conservative predictions for the AB
specimens.

6.2. Life prediction of benchmark components

For the purpose of predicting the life of components, the general
approach is the same as that adopted for the cylindrical specimens.
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Fig. 16. Life predictions for the (a) M specimens and (b) AB specimens. The S/N
diagrams were predicted considering the stress ratio as the nominal load ratio
applied to the specimens and the effective stress ratio considering the measured
superficial RSs.
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In particular, a set of predictions were performed considering the
most stressed position of the components, as calculated from the
finite element simulation (P1, P2, and P3, see Fig. 14). In this
regard, three life predictions will be considered which correspond
to the three potential failure locations P1, P2 and P3. As for the
specimens, to consider the stress gradient towards the thickness
of the components, the Wang and Lambert SIF functions [79,79]
were taken into consideration.

The effective stress ratio at any stress level for components was
calculated by superimposing the RS profile with the stress distribu-
tion along the thickness of the above mentioned failure positions.
Determine the RS profile at each failure position is time consuming
and complicated, thus, a general pattern was considered for the M
benchmark components in which the surface RS until the depth of
100 um equals the measured average surface RS and linearly goes
to zero through the thickness of the components. Then, the SIF was
obtained by the Wang and Lambert weight function using the
superimposed stress distributions. For the AB benchmark compo-
nents, the stress profile was taken as the one measured experimen-
tally (see Fig. 11c).

Figs. 17a-b show the life prediction results for the M and AB
benchmark components, respectively. The life predictions were
performed considering the nominal load ratio (R = 0.1, green lines).
In addition, the life predictions were also performed with the effec-
tive load ratio Rey, which considers the effect of the RSs, and are
reported in red. As expected, the life predictions performed with
Rey for the AB benchmark components show a lower fatigue resis-
tance due to the presence of tensile RSs (Fig. 11a). For the M bench-
mark components, the life predictions performed adopting the
nominal stress ratio are slightly conservative (especially at the
endurance limit region), as indicated by the green lines in
Fig. 17b. It should be noted that for the M benchmark components
it is more difficult to introduce the effect of the RSs as these stres-
ses strictly depend on the failure position. In fact, Fig. 11b indicates
that the two front surfaces are characterised by compressive RSs.
On the other hand, the failures are mostly located on the internal
(position P3) and external (position P2) sides on the components
where slight tensile stresses were measured. For the life predic-
tions, the most conservative assumption (tensile stresses) was
adopted and, as highlighted in Fig. 17, this choice determined con-
servative life predictions. However, it should be noted that some
failures were experienced at the corners where the RS pattern
should be discontinuous. This is also evidenced by the fact that
the life predictions adopting the nominal stress ratio are close to
the experimental values. When comparing the life predictions of
the three typical failure locations, it is evident that the most severe
location is P3, while the predictions performed for P1 display the
longest lives. If we compare the failures observed experimentally,
Table 8 indicates that for the AB benchmark components, the fail-
ure position that occurs in the majority of cases is P3. The life pre-
dictions performed for P3 (continuum solid lines in Fig. 17a) are
very close to the experimental values when the RSs are considered
in the simulation. The failure positions observed for the M bench-
mark components indicate that the most critical point is P2
(Table 8). For the life predictions the difference between the curves
comparing P2 and P3 can be estimated to be less than 10% in terms
of predicted failure load for a specific expected life. In this case, the
prediction based on point P3 would provide a reasonably conserva-
tive estimate.

7. Discussion
This study addressed the manufacturing, characterisation and

fatigue assessment of AM demonstrators produced by the L-PBF
process with the final aim to verify the applicability of the concepts
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contained in ECSS standards for the qualification of AM materials
[81] and the validation of a probabilistic fatigue assessment soft-
ware for components with defects [82] that will be addressed in
a forthcoming paper.

The first result of this wide-ranging activity deals with the fati-
gue assessment of the components by adopting the fatigue proper-
ties obtained from the M and AB specimens. The two scenarios for
transferability of fatigue data from specimens to components can
be summarised in the schematic of Fig. 18. The simple idea that
specimen data could be directly transferred to components (with
a suitable multiaxial criterion as in [83]), worked well for AB
benchmark components. Conversely, for M components, the analy-
sis based on the local stresses clearly showed that fatigue proper-
ties of M benchmark components were lower than those of
specimens, with approximately 15% lower fatigue limit.

To understand the factors behind this lack of direct transferabil-
ity, it is worth remembering that fatigue properties of AM materi-
als are inherently controlled by the size of manufacturing defects
and that they could be modelled adopting suitable short-cracks
models (i.e. models in which the crack growth properties depend
on the crack size) [28,29]. Many papers have shown the success
of this concept for describing fatigue properties of Al alloys
[19,84,85], Ti6Al4V [76,86,87], stainless steels [89-91]| and Ni-
based superalloys [93-95]| manufactured by AM processes.

When the problem of fatigue of AM materials is correctly
addressed in terms of crack growth (or threshold for the fatigue
strength) assessment, then the relevant factors (for a given mate-
rial) are [96]: i) the defect/flaw size and ii) the stress ratio, which
in our case is also influenced by the RSs.

7.1. Defect size and "Size effect”

Concerning the first factor, it is clear that the defects detected at
the origin of fatigue failures of M benchmark components are lar-
ger than the ones detected on the M specimens. The larger critical
defect observed for the benchmark components is related to the
"size effect” [65-68]. Considering two different volumes V; and
V,, the cumulative probability of the largest defects in V, could
be derived from [97]:

)}VZ/VI

Fmax‘Vz (a) = [Fmax‘V1 (a (14)

where a is the defect size. Eq. 14 indicates that the larger is the vol-
ume V5, the larger will be the critical defect that can be found in it.
Analysis of defects through Eq. 14 is the approach usually adopted
for considering the scale effect due to internal defects in life predic-
tion of AM materials [93,75] and processing CT-scan data
[39,98,99,86,100,85].

The transformation of Eq. (16) produces, if the distribution of
maximum defects in V; is LEVD, that largest defects on V, should
be described by a LEVD with parameters:

{)“Vz = ;LV1 + 51 . lOg(Vz/V1)

15
5 — 51 (15)

It is possible to apply Eq. (15) considering for V, the 80% volume of
specimens and components (the material volume in which
0.80max < 0 < Omayx), as suggested in [82], and take the specimen
volume for V;. The confidence bands of the estimated distribution
can be simply obtained from the estimates for (4;,5;) [102,63].
The application of this analysis to the distribution of defects in
machined samples to estimate the distribution on M benchmark
components is shown in Fig. 19a. The defects detected on the
benchmark components are at the upper bound of the 95 % confi-
dence of the estimated distribution. As it can be expected, the vol-
ume of the printed part, the inter-layer time intervals and thermal
dissipation during the AM process have an influence [15], but nev-
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Fig. 17. Life prediction for: (a) M benchmark components, (b) AB benchmark components.

ertheless the estimates are quite good. This confirms that a suitable
analysis (considering the confidence intervals of the estimated val-
ues) of fatigue specimen data can provide a first estimate of the size
effect for a correct analysis of components. (See Table 11).
Similarly, the results of AB surface defects show that the two
distributions are similar even if the most stressed region of the sur-
face area of the components (once again defined for surface region
for which 0.80,0x < 0 < Omax) is approximately twice the lateral
surface of cylindrical specimens. In this case, the adoption of Eq.
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14 would lead to a good estimation of defects to be considered
for AB benchmark components if the data of corrosion pits would
be omitted (they are not relevant for benchmark components).

7.2. Residual stresses and stress ratio

The second main factor that dictates the fatigue resistance of
AM parts is the presence of RSs. The AB specimens and AB bench-
mark components were both characterised by tensile superficial
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Table 11
Relevant surfaces and volumes for 'size effect’.

80% Volume [mm?]

452.5
818.0

80% Surface [mm?]

301.6
740.8

Specimens
Components

RSs, although the levels are different considering the AB speci-
mens, 56 MPa, and the AB benchmark components, 92.5 MPa. It
should be considered that the RSs measured in this study are com-
parable with values already reported in literature for the same
manufacturing process and alloy [55]. From the modelling perspec-
tive, the presence of tensile RSs increases the effective load ratio as
clearly demonstrated by the Kitagawa diagram reported in Fig. 15b
where the El-Haddad model enables to precisely capture the con-
dition of propagation (failure) or non-propagation (run-out) of
the AB specimens when calculated according the effective load
ratio.

Similarly, the fatigue life predictions performed on the AB spec-
imens (Fig. 16b) and components (Fig. 17b) with the effective load
ratio are in excellent agreement with the experimental results,
while the simulations performed with the nominal load ratio of
R = 0.1 are not conservative, especially in the endurance limit
region as also shown by W. Schneller and co-authors in [61].

Moreover, another important factor for the fatigue performance
of M benchmark components is the heterogeneity of the RSs mea-
sured at different locations (Figs. 11a-b). In all the front surfaces
(F1to F5in Fig. 11a, Z2 and Z4 in Fig. 11b), we measured compres-
sive RSs down to —150 MPa, while on the two lateral surfaces (Z1
and Z3 in Fig. 11b) tensile RSs were detected. This evidences that it
is difficult to precisely associate the failure location with the
proper residual stress profile since some failures were detected
close to corners (Fig. 7a), where the RSs (due to machining or print-
ing process) vanish. Correspondingly, the life predictions per-
formed on the M benchmark components are particularly
meaningful (Fig. 17a) as they clearly demonstrate that the present
assessment approach is capable of accounting for the variability
associated with the RSs.

It is interesting to notice that for the M cylindrical specimens
we measured lower RSs (-76 MPa, see Table 6). On one hand it is
expected that the residual stress profile should be almost uniform
along the cylindrical specimen surface, on the other hand it indi-
cates that the effective stress ratio at the failure location could
be significantly different considering specimens and components.
This evidence further suggests that the RSs might provide an addi-
tional contribution to the difference in the fatigue performance
between M specimens and benchmark components.

7.3. Fracture mechanics-based assessment

The results of the local stress analysis provide a clear indication
that an approach based on fracture-mechanics concepts [19]| might
be more appropriate for the qualification of components manufac-
tured by AM [43,44]. In detail, the adoption of a fracture-based
approach enables to take into account the dependence of fatigue
properties on defect size, thus allowing to consider the component
volume (or size effect) and to clearly establish the lower bound of
fatigue properties by adopting an upper bound of the defect size.
The effect of the RSs, which is relevant for the AM materials such
as Al-Si-Mg and modern Al-based alloys [102] that are subjected
to ageing treatments not able to completely relieve RSs, can be
easily determined by superimposing the RSs and the stresses from
the external loadings (the superposition works only until the max-
imum stress is lower than material yield limit and assumptions of
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elastic-shakedown have to be adopted exceeding this limit
[58,103,104]).

If we consider the average surface defect detected on AB speci-
mens and components (y/area=260um) and the RSs at P2 and P3
locations, the estimated fatigue limit for different load ratios is
plotted in Fig. 20 with and without (nominal) RSs comparing the
result for specimens. It can be seen how the fatigue strength is
strongly affected by the RSs and how the effective stress ratio Rey
is different from the applied load ratio R;. In fact, due to the high
level of tensile RSs, for both the AB specimens and AB benchmark
components the effective load (stress) ratio is always positive even
though the nominal load ratio R, = —2. If the average residual
stress of AB specimens was considered, then the strength would
be almost the same: this is due to the flattening of AK;, curve for
high stress ratios and it explains completely the overlap between
S-N diagrams of AB specimens and components. It is also interest-
ing to observe that fatigue strength predictions on AB specimens
and components were quite good considering the RSs at the defect
location (at the surface). Once the fatigue limit is determined, then
a log-log linear diagram properly describes well the fatigue life in
terms of the driving force [90,105]. Along the same trend, fatigue
life of the AB benchmark components does not depend very much
on the RSs deeper than 0.5 mm and the simple constant stress pro-
file provides good results [106].

If fracture mechanics-based fatigue assessment can overcome
the problems in the transferability of the S-N curves derived from
specimens printed with components, on the other side it is clear
that it requires an additional effort in terms of experiments for:
a) analysing fatigue specimens for determining the size of inhomo-
geneities at the fracture origin; b) determining crack growth rates
and thresholds; c¢) the RSs on specimens and components (if the

Materials & Design 218 (2022) 110713

thermal treatment does not reach conditions of full relieve of RSs
due to manufacturing). In particular, the crack growth experiments
require special attention since the fracture properties have to be
measured under specific load ratio and this can be accomplished
only by testing stress-relieved specimens (or specimens whose
location on the built plate minimises the RSs).

8. Conclusions

The present study addressed the manufacturing, characteriza-
tion and fatigue assessment of AM demonstrators produced by
the L-PBF process with the final aim to verify the applicability of
the concepts contained in ECSS standards for the qualification of
AM components.

To this aim four builds of AlISi10Mg specimen and components
were manufactured to: (i) determine the fatigue curves for both AB
and M conditions; (ii) measure the fatigue crack growth rate; (iii)
test under fatigue a benchmark component used as a reference
for the validation of the fatigue assessment procedure; (iv) perform
a detailed investigation of experimental test data (fractographies,
RSs) to support a detailed fatigue analysis.

The following conclusions are drawn:

o The transferability of fatigue performances from AM specimens
to components can be accomplished only with a fracture-based
fatigue assessment due to the size effect of the defect distribu-
tion and the heterogeneity of the RSs;

o The fatigue performances of AB specimens are comparable with
those of the AB demonstrators, while a significant difference is
observed for the M conditions;

o The fatigue assessments based on the fracture mechanics are in
good agreement with the experimental fatigue performances of
both specimens and demonstrators in AB and M conditions,
because it allows the designer to properly consider the defect
dimension (through extreme value statistics) and the residual
stress profile (or to consider a conservative scenario for the
assessment);

o A fracture mechanics-based fatigue assessment requires a pre-
cise measurement of material crack growth rates and thresh-
olds, together with residual stresses on specimens and
components.

9. Data Availability

All the data of this benchmark test campaign are available
through the Supplementary Material of this manuscript.
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Table 12
Residual stress measurements for M benchmark component BM2-243, Side 1.
71 72 73 4 75
Point 1 Point 2 Point 1 Point 2 Point 1 Point 2 Point 3 Point 1 Point 2 Point 1 Point 2

o1 (MPa) -122 -120.8 -122.8 -126.3 -104.7 -95.4 -101.9 -122.3 -1153 -1135 -111.1
SD (MPa) 13.6 11.7 8.4 7.9 7.8 7.4 7.6 8.1 8 111 11.8
02 (MPa) -71.6 -1145 -107 -103.7 —84.5 —-80.6 -77.1 —-100.7 —100.2 -106.5 -80.5
SD (MPa) 13.7 11.7 94 7.9 94 9 9.3 8.1 8 111 11.8
o012 (MPa) -25.6 -4.1 -11.3 -14.8 -134 -14 6.2 17.3 14.5 7.2 -1.2
SD (MPa) 11.9 10.2 7.4 6.9 7.1 6.7 7 7 7 9.6 10.2
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Table 13
Residual stress measurements for M benchmark component BM2-243, Side 2.
Z1 72 73 74 Z5
Point 1 Point 2 Point 1 Point 2 Point 1 Point 2 Point 3 Point 1 Point 2 Point 1 Point 2
g1 (MPa) —-121 —123.8 —-125.7 -121.3 -109.7 —-101.7 -107.5 -117.9 —-116.8 —-127 —-126.1
SD (MPa) 9.8 9.1 8 8.1 7.5 7.9 7.6 8.1 8.2 8 7.8
02 (MPa) -106.2 -99.5 -124.1 -114.7 -127.9 -1335 -137.5 -120.8 -123.6 -133.7 —125.5
SD (MPa) 9.8 9.1 8 8.1 9.2 9.5 9.3 8.1 8.2 8 7.8
012 (MPa) -14.6 26.8 9.8 8.6 2.4 0 —99.5 —18.5 27.7 9.1 8
SD (MPa) 8.6 8 6.9 7.1 6.9 7.2 7 7.1 7.1 7 6.8
Table 14
Residual stress measurements for M benchmark component BM3-242, Side 1.
Z1 z72 73 74 Z5
Point 1 Point 2 Point 1 Point 2 Point 1 Point 2 Point 3 Point 1 Point 2 Point 1 Point 2
11 (MPa) -1104 -106.8 -99.9 -98.4 -118.5 -1104 -1104 -87.8 -115.7 -93.6 -93.6
SD (MPa) 13.2 144 6.8 6.9 10.1 10.1 10.1 6.5 9.8 10.1 10.1
0 (MPa) -113.8 -50.9 -119.5 -1103 -131.1 -129.3 -1234 -103.7 —140.8 -106.7 -106.7
SD (MPa) 13.2 14.4 6.9 6.9 12.3 12.2 12.3 6.5 10.4 10.1 10.1
012 (MPa) -19.9 -41.6 -9.3 -13.8 -12 -7.8 0.8 7.4 3.5 33 33
SD (MPa) 11.5 12.5 6 6 9.2 9.2 9.2 5.7 9.1 8.8 8.8
Table 15
Residual stress measurements for M benchmark component BM3-242, Side 2.
Z1 Z2 Z3 74 z5
Point 1 Point 2 Point 1 Point 2 Point 1 Point 2 Point 3 Point 1 Point 2 Point 1 Point 2
o1 (MPa) -118.6 -114.9 -108.4 -1103 -116.5 -108.8 -127.9 -115.4 -103.9 -118.9 -114
SD (MPa) 12.2 12.9 10.2 10.2 10.3 104 15 104 104 13.6 15
02 (MPa) -1149 -110.1 -111.8 -109.8 -128.7 -127.3 —204.2 -103.1 —-100.7 -115.8 —144.6
SD (MPa) 12.2 12.9 10.2 10.2 12.6 12.7 183 10.5 104 13.6 15
12 (MPa) -1.8 -3.7 —12 -15.8 —12 -8 31.7 129 9.3 14.6 20.8
SD (MPa) 10.6 11.2 8.9 8.9 9.5 9.5 138 9.1 9.1 11.8 13
Table 16
Residual stress measurements on the cut M benchmark component.
Z1 72 73 Z4
Point 1 Point 2 Point 3 Point 1 Point 2 Point 1 Point 2 Point 3 Point 1 Point 2
o1 (MPa) 17.8 28.1 5.9 -87.7 -70.6 20 58 19.2 -43.8 -54.6
SD (MPa) 15.6 15.8 15.7 14.9 15.2 15.3 16.3 15.6 15.7 15.2
0 (MPa) 46 48.9 38.2 -79.5 -34.8 100.2 1195 76.4 -18.2 -58.4
SD (MPa) 15.6 15.4 15.9 14.9 15.4 15.7 16.4 15.6 16.2 16
12 (MPa) 9.9 16.6 14 13.1 4.9 1.6 -5.5 -2.8 -24.1 -16.8
SD (MPa) 14 14 14 13.2 13.6 13.8 143 13.8 14 135
Table 17
Residual stress measurements on the cut AB benchmark component.
Z1 72 73 74
Point 1 Point 2 Point 3 Point 1 Point 2 Point 1 Point 2 Point 3 Point 1 Point 2
11 (MPa) 76.5 94 81.8 66.7 66.8 63.4 82.6 70.2 70.3 62.5
SD (MPa) 229 239 23.1 23.8 244 23 22.7 229 224 22.6
0 (MPa) 119.9 137 127.2 136 90.3 84.9 91.8 65.4 82.5 1383
SD (MPa) 22.6 244 25.7 25.5 26.1 235 234 23.8 224 239
12 (MPa) -33 -11.2 -9.9 -4.3 -9.1 3.7 -7 -17.8 -5.9 -31.1
SD (MPa) 19.8 20 20.8 21.2 22 19.9 9.7 20 19.5 20.2
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Table 18
Roughness measurements for the AB cylindrical specimens.
Stylus
Specimen Number R: R, area
(um) (pm) (pum)
FN1-245 131 79 230
FN2-245 156 109 315
FN3-245 135 70 226
FN4-245 129 74 184
FN5-245 112 68 130
FN7-245 160 100 232
FN3-243 122 77 223
FN4-243 161 119 204
FN5-243 127 71 100
FN6-243 140 105 105
FN7-243 120 80 257
Table 19
Roughness measurements for the AB benchmark components.
Stylus Confocal microscope
Specimen Number R: R, R, Jarea
(um) (um) (pum) (pum)
BN2-242 120 63 97 217
BN4-242 163 109 75 207
BN1-243 101 58 117 142
BN2-243 136 79 119 177
BN3-243 132 80 73 212
BN4-243 122 81 - 314
130 70 - 240
BN2-244 153 92 76 167
181 129 115 188
BN1-245 126 86 97 253
BN2-245 136 75 - 276
BN3-245 106 62 - 165
113 63 - 238
BN4-245 159 73 - 245
Table 20

Surface roughness measurements (multiline method) for the AB benchmark compo-
nents near the fracture surface with corresponding failure location.

Specimen Number Ra R¢ R,
(pum) (um) (pm)

BN1-243 (A) 20 + 4.6 140 + 31.2 68.7 &+ 24.1
BN1-243 (B) 19.0 £ 2.9 126.5 + 23.8 62.1 = 19.9
BN2-242 (A) 18.7 + 3.5 120 + 25.2 63.4 + 17

BN2-243 (C) 22.8 +£45 155.4 + 329 734 +£22.7
BN2-244 (A) 18.2 £ 4.3 136 + 36 67.4 + 239
BN2-244 (B) 175+ 2.2 115.7 +£ 155 53.2 + 8.6

BN2-244 (B') 16.4 + 3.3 104.8 + 23 50 + 13.1

BN3-242 (C") 149 £ 2.9 93.754:24.95 53.18422.95
BN3-242 (D') 149 +29 93.8 £ 25 53.2 + 23

BN3-243 (C) 183 +3.3 122.5 + 252 65.9 + 17.8
BN4-242 (C) 20.7 £ 3.9 123.9 £ 25 524 +10.1
BN4-242 (D) 17.8 £3.1 106.4 + 20.2 515+ 11.7
BN1-245 (B) 14.8 + 23 84.1 +£12.2 46.9 + 11.7
BN1-245 (C) 19.1 £33 119.5 + 23.8 61.8 = 17.6
BN3-245 (C) 152 £ 2.7 89.9 + 13.1 434 +£ 113
BN3-245 (D) 17.2 £ 2.8 107.8 + 19.7 61.4 + 18

BN3-245 (C) 224 +38 137.8 £ 23 62.8 + 16.9
BN1-244 (C) 232 +£45 152.3 £ 254 70.6 + 14.2
BN4-243(B’) 215 £ 4.2 140.3 + 29.7 65.2 & 25.1
BN4-243(C") 209 + 4.2 137.6 +24.2 63.3 + 16.2
BN4-243(C) 204 £+ 3.5 133.5 + 26.8 67.5 + 19.6
BN2-245 (C') 209 +£29 138 £ 223 75.6 + 16.8
BN2-245 (D') 16.1 £ 25 100.7 + 19.1 529 + 15.7
BN4-245 (C) 21.1 £ 4.0 137.8 £ 24 61.8 +£13

BN4-245 (D) 16.9 £ 2.2 112.7 £ 22.6 584 + 21.7
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and Research through the Project "Department of Excellence LIS4.0
- Lightweight and Smart Structures for Industry 4.0”.

Appendix A

A.1. Residual stress measurements on Machined benchmark
components

Tables 12-17.

A.2. Surface roughness measurements and +/area of specimens and
components

Tables 18-20.

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.matdes.2022.
110713.
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