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Abstract

The notch effect significantly influences the fatigue response of components

and is particularly relevant for parts produced with additive manufacturing

(AM) processes, characterized by complex geometries and possible geometric

discontinuities inducing local and critical peak stresses. Moreover, the low sur-

face quality, as well as manufacturing defects and residual stresses, interacts

with the local peak stress induced by geometric discontinuities, complicating

the assessment of the notch effect for AM parts and requiring extensive experi-

mental fatigue investigations. In the present paper, the notch sensitivity of as-

built AlSi10Mg specimens produced with the laser beam powder bed fusion in

the Very High Cycle Fatigue regime is investigated. Ultrasonic fatigue tests up

to 109 cycles have been carried out on rectangular bars and rectangular bars

with a central through-thickness hole. The notch effect has been found to sig-

nificantly affect the fatigue response of the investigated AlSi10Mg specimens,

with surface defects having a main role and pointing out the influence of the

surface quality on the crack formation.
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Highlights

• Notch sensitivity on the very high cycle fatigue (VHCF) response of

AlSi10Mg specimens is investigated.

• The AlSi10Mg VHCF fatigue response is strongly influenced by the notch.
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• The experimental fatigue notch factor is close to that computed with litera-

ture models.

• Experimental tests are recommended to account for the large experimental

scatter.

1 | INTRODUCTION

The geometry of parts used in machinery components for
industrial and structural applications is characterized by
geometric discontinuities, like holes, grooves, fillets, or,
in general, by notches, which significantly affect their
structural integrity.1–5 The local stress increment and the
stress gradient induced by discontinuities influence the
performance of the component and, in particular, its
response to cyclic loads. The sensitivity to notch effect
depends, in general, on the geometry of the discontinuity
and on the material.1 However, the stress gradient and
the local volume in which the peak stress is present also
play a significant role.6–8 Notch effect should be therefore
properly evaluated during the design stage, and the
research on fatigue notch and on models for predicting
its effect is fundamental to ensure the structural integrity
of components used in industrial applications.2

The issues concerning notch effects are particularly
accentuated when dealing with components produced
with additive manufacturing (AM) processes. Indeed,
components with complex shapes and geometries, which
were not producible in the past with traditional method-
ologies, can be currently manufactured with AM pro-
cesses.9 The design freedom ensured by AM processes
permits to optimize the component topology, with topol-
ogy optimization (TO) algorithms effectively employed
for the design.10–12 However, local discontinuities and
localized changes of the geometry can be present in the
optimized component to allow the connection of the part
with the other components of the structure or for post-
treatment processes.13 With these complex geometries
typical of TO parts manufactured with AM processes,
notches can be critical, with the possible propagation of
cracks eventually leading to a premature failure even for
low-amplitude loads. Furthermore, the complex stress
distribution in TO components, with local peak stresses
induced by notches, can interact with the high surface
roughness, typical of as-built AM parts, with the residual
stresses, or with manufacturing defects, like pores of lack
of fusion defects, which randomly forms during the AM
process.14 These interactions further complicate the anal-
ysis of the notch effect, which must be experimentally
assessed, also to validate if standard methodologies

commonly employed for the fatigue design1 can be reli-
ably employed for AM components.

In the literature, several experimental tasks have been
carried out to investigate the notch effect, the influence
of the notch quality, i.e., the surface roughness in the
region where peak stresses occur and the effect of post-
treatments to mitigate this effect. For example, in Schna-
bel et al.,15 a significant notch effect was found by testing
AlSi10Mg specimens with different stress concentrations.
Schnabel et al.15 investigated the interactions between
the surface roughness and the geometric notches and
proved that approaches based on the effective stress com-
puted with the critical distance theory provide reliable
results, even if a large variability can be observed in the
experimental data. In Nicoleto,16 the influence of notches
on the fatigue response of as-built LB-PBF AlSi10Mg
specimens was verified to be strongly dependent on the
building orientation and on the direction of the maxi-
mum applied stress with respect to the building orienta-
tion. Similarly, in Konecna et al.,17 the fatigue response
of AlSi10Mg specimens with semicircular notches pro-
duced with the LB-PBF process and with different build-
ing orientations was investigated. The authors found that
the orientation of the semicircular notches has a signifi-
cant influence, due to the different surface roughness and
quality of the surface at the notch root. Moreover, the
microstructure and residual stresses in the same area can
influence the crack initiation and propagation stage.
According to Konecna et al.,17 the resulting fatigue
response can be thus considered affected by a macro-
geometrical contribution (the notch geometry) and a
micro-geometrical contribution, dependent on the build-
ing direction and, accordingly, on the notch quality.

The research activity in Maleki et al.18 focused on
the effect of the T6 heat treatment and shot peening
surface post-processing on the fatigue response of LB-
PBF AlSi10Mg specimens with a V notch. The heat
treatment and the shot peening were shown to signifi-
cantly influence the fatigue response, with the latter
having a prevalent effect due to its capability of inducing
residual stresses and a hardened surface layer. In general,
Maleki et al.18 concluded that post-processing combined
with shoot peening can effectively minimize the notch
sensitivity.

2 TRIDELLO ET AL.
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In Emanuelli et al.,19 the role of residual stresses on
the fatigue response of notched LB-PBF Ti6Al4V speci-
mens was investigated, with compressive residual stres-
ses due to post-treatments shifting the crack initiation
below the surface and with crack nucleating on the spec-
imen surface for specimens subjected to heat treatments.
The interactions between defects and notches and the
role played by the highly stressed volume close to the
notched region were pointed out by the authors, as con-
firmed also in Tridello et al.14 through tests on a
Ti6Al4V alloy up to 109 cycles, in the very high cycle
fatigue (VHCF) life region.

In Fernandes et al.,20 the influence of a stress relief
(SR) heat treatment on the fatigue response of AlSi10Mg
specimens in the high cycle fatigue (HCF) life range was
investigated. Experimental results showed that the inves-
tigated SR can enhance the fatigue response and its influ-
ence varies depending on the considered life range and
on the notch geometry. Similarly, in Razavi et al.,21 LB-
PBF AlSi10Mg specimens with severe notches were tested
in the as-built and in the heat-treated (T6 heat treatment)
condition. It was found that the applied heat treatment
does not affect the notch sensitivity, with Razavi et al.21

suggesting that surface treatments, like shot peening or
ultrasonic shot peening, can be successfully employed to
enhance the fatigue response.

Based on the mentioned literature, significant interac-
tions affecting the fatigue response occur between the
notch surface quality, the geometry, residual stresses, and
the microstructure close to the notch tip. Furthermore,
manufacturing defects or surface defects that are ran-
domly distributed within the critical volume at the notch
tip can contribute to the increment of the experimental
scatter and complicate the consequent quantification of
this effect. Experimental fatigue tests are therefore funda-
mental for investigating the notch effect, but experimen-
tal results are currently mainly limited to the low cycle
fatigue (LCF) and HCF life ranges, with limited data
available for the VHCF life regime.14 However, high-
performance components are required to withstand cyclic
loads for a fatigue life larger than 107 cycles,22–25 and
therefore, the VHCF life region cannot be neglected for a
safe design.

In the present paper, the influence of notch on the
VHCF response of AlSi10Mg specimens produced with
the LB-PBF process and with the as-built surface is inves-
tigated. Ultrasonic fatigue tests up to 109 cycles have been
carried out on rectangular bars without notches and rect-
angular bars with a central through-thickness hole induc-
ing a local stress concentration. The failure origin has
been thereafter analyzed, together with micro-CT inspec-
tions investigating the defect population. The notch effect
has been finally verified in a statistical framework and by

employing methodologies widely adopted for the design
against fatigue failures.1,6

The paper aims to fill the gap of knowledge regarding
the structural integrity of specimens with notch and pro-
duced with LB-PBF process, subjected to low amplitude
stress for a very high number of cycles. This would
enhance the comprehension of the VHCF response of
LB-PBF AlSi10Mg alloy and of the influence of notch in
VHCF,26–31 whose assessment can be complex due to the
interactions between the surface quality, the stress gradi-
ent and the manufacturing defects and requires appropri-
ate experimental campaigns. All these critical factors
have been considered in the analysis of the experimental
data, providing general indications for the design of LB-
PBF AlSi10Mg alloy even in the VHCF life region.

2 | MATERIALS AND SPECIMEN
PREPARATION

In this section, the characteristics of the AlSi10Mg powder
used for the specimen production and the manufacturing
parameters are reported (Section 2.1). Thereafter, in
Section 2.2, the specimen design procedure is described.

2.1 | Material and manufacturing
process

The specimens subjected to VHCF tests are obtained
starting from AlSi10Mg rectangular bars produced with
an LB-PBF process by the industrial company Beam
It. The powder chemical composition (average size of
45 μm) is reported in Table 1.

Bars with 40 � 4 mm rectangular cross-section and
length equal to 150 mm are manufactured with the build-
ing orientation shown in Figure 1, i.e., with the bar longi-
tudinal direction parallel to the building platform.
Standard process parameters optimized by the Beam IT
company for industrial applications have been consid-
ered. Before the removal of the specimen from the build-
ing platform, the specimens are subjected to an aging
heat treatment, involving a heating temperature of 200�C
for 4 h, to minimize the residual stresses without affect-
ing the mechanical properties. Thereafter, the specimens
subjected to VHCF tests, i.e., bars with rectangular cross-
sections designed according to the procedure detailed in

TABLE 1 AlSi10Mg powder composition and particle size

distribution (weight percentage)

Si Mg Cu Ni Fe Mn Ti Al

10 0.4 <0.03 <0.05 <0.5 <0.4 <0.15 Balance

TRIDELLO ET AL. 3
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Section 2.2, are cut with a Waterjet cutting machine from
the AM manufactured bars.

The mechanical properties of the bars manufactured
with the LB-PBF process are assessed through quasi-
static tests on standard dog-bone specimens and with the
impulse excitation technique (IET), according to
the ASTM E1876 Standard.32 These mechanical proper-
ties are used as input in the finite element (FE) model
developed for the design of the specimens (Section 2.2)
and for assessing the applied stress amplitude during the
VHCF tests at 20 kHz. Table 2 reports the relevant quasi-
static mechanical properties and the dynamic Young's
modulus determined with the IET.

2.2 | Specimen design

In this research activity, specimens without notches
(plain specimens in the following) and specimens with a
hole (notch specimens in the following) are subjected to
VHCF tests to investigate the notch effect on the VHCF
response. The geometry of the tested specimens is defined
starting from analytical formulas for rectangular bars and
verified through a FE modal analysis, to ensure a reso-
nance frequency in the range 19.5–20.5 kHz, that is the
working frequency of the Ultrasonic Fatigue Testing
Machine (UFTM) used for the experimental tests
(Section 3.3), to verify the remoteness of proximal modes,
and to assess the axial stress field within the plain and the

notch specimens. The FE modal analysis provides the ratio
between the axial stress and the input displacement, which
can be related to the input voltage of the experimental test
for comparison with the experimental data. The FE modal
analyses are performed in the LS-Dyna environment
employing Belytschko-Tsay four-node shell elements with
four integration points through the thickness. A mesh size
equal to 0.1 mm is adopted in proximity to the notch to
properly account for the stress gradient. A homogeneous
elastic isotropic material law is considered according to
the material properties reported in Table 2.

The geometry of the tested plain specimen is shown
in Figure 2A. For the notch specimens, a through-
thickness hole in the middle of the specimen, with a
diameter of 2 mm, is manufactured with a milling pro-
cess, as shown in Figure 2B. The stress concentration fac-
tor, Kt, due to the presence of a hole in a rectangular bar
with infinite width subjected to quasi-static axial stress, is
equal to 3, and it reduces to 2.52 by considering the finite
width of the specimens, according to Pilkey and Pilkey.1

On the other hand, in resonance condition at 20 kHz and
with the first longitudinal mode excited in the ultrasonic
fatigue test, the stress distribution can be different from
the quasi-static condition, and the stress concentration
due to the specimen geometry should be verified, accord-
ing to Figure 2C, which shows the axial stress distribu-
tion (stress along the y direction). Accordingly, for
ultrasonic fatigue tests, a dynamic stress concentration
factor, Kt,d, was introduced in Tridello et al.14 and Pao-
lino et al.33 For specimens with a hole, the Kt,d factor was
defined as the ratio between the peak stress and the stress
far from notch at the inflection point, where the notch
and the free edge counterbalance their influence and the
stress amplitude becomes almost constant with respect to
the x coordinate, as shown in Figure 2D. In Figure 2D, a
reference system with the origin at the center of the hole
and the x axis perpendicular to the longitudinal direction
(y axis) is defined. According to this definition, the Kt,d

for the tested specimens is equal to 2.645. Therefore, the
Kt and Kt,d values computed for the quasi-static and the
ultrasonic testing conditions are similar, with a limited
difference smaller than 5%.

The possible occurrence of buckling critical stresses
during the compression phase, due to the specimen
geometry, is also verified with a FE analysis. An implicit
buckling analysis is performed, with the displacement
field of the longitudinal vibrational mode determined
through the modal analysis applied to each node of the
FE model. In particular, the displacement field obtained
from the modal analysis is first normalized and, for the
buckling analysis, multiplied by the maximum input
displacement provided by the machine, i.e., the input dis-
placement at the maximum voltage, corresponding to

Build direction

Building 
Platform

AM rectangular 
specimens

FIGURE 1 Schematic representation of the AlSi10Mg LB-PBF

bars, from which the specimens subjected to ultrasonic fatigue tests

have been subsequently cut, on the building platform [Colour

figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Quasi-static and dynamic mechanical properties of

the investigated specimens

Property (unit) Value

Dynamic Young's modulus EIET (GPa) 74.5

Yield stress σy (MPa) 170

Ultimate tensile strength σuts (MPa) 420

4 TRIDELLO ET AL.
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0.1 mm in the considered configuration. The results of a
buckling analysis are the eigenvalues of the system, also
called buckling factors, in the loaded configuration. As
multiple buckling modes can occur at increasing load
levels, only the first buckling factor, i.e., the first eigen-
value, has been retained. As the buckling load is the
eigenvalue times the applied load, the buckling factor
can be therefore seen as a safety factor against buckling.
The first buckling load factor resulted equal to 1.9 for the
notched specimen. Moreover, it is worth remarking that
the ultrasonic tests are not performed with the maximum
input displacement. Therefore, it can be concluded that
buckling is not critical for the investigated configuration.

The roughness of the tested specimens on relevant
surfaces is also measured with a Taylor Hobson Intra
Touch 3D Profilometer. Figure 3 shows the regions where
the roughness is measured. The roughness within the
hole has been measured by cutting the notch specimen in
correspondence of the hole, to obtain two specimen
halves and allow the use of the profilometer. The Ra
(arithmetic average height of the profile), the Rt (mean
maximum height between the highest peak and deepest
valley over five sampling lengths), Rv (mean maximum
valley depth over five sampling lengths), and Rp (mean
maximum peak height over five sampling lengths)
parameters have been measured, as well as the

Magnified view
of the stress 

gradient 

(A)

(B)

(C)

(D)

FIGURE 2 Specimens subjected to

ultrasonic fatigue tests, geometry and

stress distribution: (A) plain specimen

geometry; (B) notch specimen

geometry; (C) stress distribution in the

notch specimen obtained with FE

analysis (stress along the y direction);

and (D) axial stress distribution along

the x coordinate and definition of

dynamic stress concentration factor,

Kt,d [Colour figure can be viewed at

wileyonlinelibrary.com]
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corresponding surface (2D) roughness parameter Sa, St,
Sv, and Sp. The surface (2D) roughness parameters have
been measured only for the green (Water-jet cut surface)
and the blu surface (as-built surface) since accurate mea-
surements in an area cannot be obtained within the hole
due to its small size and curvature. The results of the
roughness analysis are reported in Table 3.

According to Figure 3 and Table 3, the Ra value of
the lateral surfaces, cut with the waterjet cutting
machine, is equal to 2.17 μm, whereas the Ra value inside
the hole is larger and equal to 3.98 μm. The Ra value on
the specimen surfaces (blue surface in Figure 3), corre-
sponding to the as-built surface, is equal to 3.77 μm.
Therefore, the hole and the as-built surfaces are charac-
terized by similar Ra values, significantly larger than that
of the water jet cut surface. On the other hand, the Rt
and the Rp parameters are larger for the as-built surface.
By considering the surface (2D) measurements, the differ-
ence between the water jet cut surfaces and the as-built
surface is more evident. To conclude, regardless of the
considered roughness parameter, the as-built and

the hole surfaces are characterized by the largest rough-
ness and, as a consequence, by the more irregular sur-
faces, which represent the weakest regions from which
the crack is expected to originate.

3 | EXPERIMENTAL ACTIVITY

In this section, the experimental activity is described. Sec-
tions 3.1 and 3.2 focus on the defect analysis with micro-
CT inspections and the microstructural characterization,
respectively. In Section 3.3, the UFTM and the test con-
figuration are described.

3.1 | Computed tomography inspection
(micro-CT)

X-ray computed tomography examinations are conducted
utilizing a specialized setup available within the
J-Tech@PoliTO research facilities. This setup comprises a

Green surfaces
Water-jet cut surfaces

Ra = 

Blue surfaces
As-built surfaces

Ra = 

Red surfaces
Hole surfaces
Ra = 

FIGURE 3 Surface roughness

analysis: measurement location and

corresponding Ra values [Colour

figure can be viewed at

wileyonlinelibrary.com]

TABLE 3 Roughness parameters on the three inspected surfaces

Profile parameters

Ra (μm) Rt (μm) Rv (μm) Rp (μm)

Water-jet cut 2.17 14.90 6.08 5.58

As built surfaces 3.77 31.30 8.85 13.00

Hole surface 3.98 21.80 8.80 9.95

Surface (2D) parameters

Sa (μm) St (μm) Sv (μm) Sp (μm)

Water-jet cut 2.51 19.60 10.20 9.36

As built surfaces 7.57 68.80 32.40 36.40

6 TRIDELLO ET AL.
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300 kV X-ray emitter and a minimum focal spot size of
5 μm, alongside a flat panel detector featuring a resolu-
tion of 2,048 � 2,048 pixels. The distance between the
emitter and sample, and between the emitter and
the detector, is adjusted to achieve optimal resolution.

For the specimen analysis, the scanning parameters
are fine-tuned, resulting in optimal settings of 200 kV
and 100 μA, generating an electron beam nominal power
of 20 W. Throughout the tomography acquisition process,
the distance between the X-ray source and the specimen
stands at 100 mm, while the distance between the source
and the detector is set at 1500 mm, resulting in a final
resolution of 25 μm per voxel. To improve image quality,
a physical filter consisting of 0.4 Cu is employed on the
X-rays, effectively eliminating low-intensity radiation and
reducing noise during the subsequent reconstruction
phase.

The reconstructed three-dimensional volume of the
investigated specimens is obtained employing the fil-
tered back-projection algorithm via VG MAX 3.5 soft-
ware (Volume Graphics GmbH, Heidelberg, DE),
utilizing a total of 1,600 X-ray projections. In post-
processing, the porosity within the analyzed specimens
is identified and characterized, considering both dimen-
sions and spatial distribution within the specimens. To
ensure that only internal defects are considered, the
algorithm is instructed to search for defects at a mini-
mum distance of 30 μm, thereby excluding superficial
imperfections.

Micro-CT analyses are carried out on plain and notch
specimens before and after the ultrasonic fatigue tests, to
investigate the fatigue crack. The inspections specifically
target the central zone of each specimen, with a particu-
lar focus on a 10 mm height zone spanning the entire
thickness and width of the specimens.

3.2 | Microstructural characterization

The crystallographic structure of the AlSi10Mg specimens
is investigated through the EBSD analysis, using the
Oxford Instruments AZtec EBSD system incorporated
into a Field Emission Scanning Microscope (FESEM)
Tescan MIRA3.

For the EBSD analysis, the notch specimens are
mechanically polished in the plane perpendicular to the
notch axis (blue surface in Figure 3) with a Presi Meca-
tech 250 SPI polishing machine, using sandpapers from
#180 to #1200 grit, polishing cloths imbued with dia-
mond suspensions with crystal sizes from 9 μm down to
1 μm, and finished with a cloth imbued in colloidal silica
suspension with particle size of 0.3 μm. The surface is
then cleaned in an ultrasonic bath of isopropanol at
ambient temperature to remove the remaining silica
particles.

For the EBSD analysis, the sample is placed inside
the FESEM with the analyzed surface at a 70� angle with
respect to the horizontal plane and facing the EBSD
detector, as shown in Figure 4A. The electrons diffracted
by the sample surface are then received by the detector,
allowing a crystallographic map to be generated. Maps
are acquired from the prepared surfaces, as shown in
Figure 4B, both in the vicinity of the notch, as well as
in areas away from the hole.

The general parameters used for map acquisition are
shown in Table 4. The only non-fixed parameter between
the different scans is the magnification, which in turn
affects the admissible step size; i.e., the higher the magni-
fication, the smaller the minimum step size. In particular,
the “resolution” parameter used by the AZtec software
represents the number of pixels of the side of the
observed square area, which comprises an EBSD map,

Electron Beam

Diffracted 
Electrons

EBSD 
Detector

Electron 
Column

Sample

(A) (B) Analysed 
surface

FIGURE 4 (A) Illustration of EBSD

system components and sample placement

and (B) the tilted sample holder with the

surface prepared for analysis [Colour figure

can be viewed at wileyonlinelibrary.com]
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representing a different quantity than the “resolution”
parameter employed by the software VG MAX in the CT
scan analyses, which is defined in Section 3.1.

Additionally, with the Oxford Instruments AZtec EDS
(Energy Dispersive X-ray Spectroscopy) system, the
chemical compositions of all the areas analyzed through
EBSD are also acquired, to assess the weight percentages
of the chemical elements present on the analyzed
surface.

3.3 | Ultrasonic fatigue tests and stress
validation

The ultrasonic fatigue tests have been carried out up to
109 cycles (runout number of cycles) to investigate the
influence of notch on the VHCF response of the tested
AlSi10Mg alloy. The UFTM developed at the Politecnico
di Torino is used, with ultrasonic fully reversed tension-
compression tests carried out. The experimental tests are
carried out in displacement-controlled mode, with the
displacement amplitude at the specimen-free end mea-
sured with a laser displacement sensor (LK-G5001P laser
from Keyence Corporation) and used as the feedback
control signal. Similarly, the temperature close to the
specimen center is measured with an infrared sensor and
kept below 25�C with two vortex tubes.34

The stress in the notched specimens has been mea-
sured close to the hole (Gage 1) and close to the lateral
border (Gage 2) from the strains provided by micro-strain
gages (HBM 1-LY11-0.3/120) with a grid length of
0.3 mm, as shown in Figure 5A. In particular, Gage 1 is
bonded as close as possible to the hole, whereas Gage 2 is
bonded as close as possible to the specimen external bor-
der. Figure 5B shows the applied stress amplitude with
respect to the voltage in output from the piezoelectric
transducer. Figure 5C plots the experimental stress
amplitude, sa, with respect to the FE stress amplitude, for
Gages 1 and 2.

According to Figure 5B, the experimental stress
amplitude follows a linear trend with respect to the input
voltage, as expected. The stress amplitudes acquired by
Gage 1 are above the stress amplitudes acquired by Gage
2, with a different slope. The ratio between the stress
amplitude measured by Gages 1 and 2 does not corre-
spond to the Kt,d value obtained in Section 2.2, since the
stress amplitudes acquired by Gage 1 are below the peak
stress. The experimental and the FE stress amplitudes at
the strain gage locations were compared. According to
Figure 5C, the experimental stress amplitudes are close
to the FE stress amplitudes for the same applied voltage,
with the data concentrated close to the bisector. There-
fore, the FE model is validated, and the Kt,d value com-
puted with the FE is confirmed.

4 | EXPERIMENTAL RESULTS

In this section, the experimental results are analyzed. In
Section 4.1, the results of the ultrasonic fatigue tests are
reported. Section 4.2 focuses on the microstructural char-
acterization with the EBSD detector and on the results of
the defect analysis with micro-CT inspections and by
analyzing the fracture surfaces. Finally, in Section 4.3,
the experimental results are analyzed in a probabilistic
framework, pointing out the differences between the
notch effect in standard fatigue tests and in ultrasonic
fatigue tests.35,36

4.1 | Ultrasonic fatigue test results

In this section, the experimental results are reported.
Figure 6 plots the experimental data (nominal stress
amplitude) in an S-N plot. The round markers are the
failures, whereas the triangle markers are the runout at
109 cycles. The S-N curves are also estimated, by assum-
ing the logarithm of the fatigue life as normal, with the
mean linearly dependent on the logarithm of the applied
stress amplitude and constant standard deviation.37 The
parameter estimation is carried out by applying the Maxi-
mum Likelihood Principle and by considering both fail-
ure and runout data. The median, the 0.1-th, and the
0.9-th quantile P-S-N curves are plotted in Figure 6 for
the notch and plain specimens.

According to Figure 6, the notch effect is evident,
with the data obtained by testing plain specimens failing
at stress amplitudes significantly larger, for the same
applied number of cycles to failure. The runout data also
confirm this trend, with no failures below 50 MPa for the
notch specimens and no failures below 75 MPa for
the plain specimens. Moreover, the 80% P-S-N curve

TABLE 4 Parameters adopted in the acquisitions of the EBSD

maps

Parameter Value

High voltage 20 kV

Beam intensity 16

Working distance �15 mm

Magnification Between 250� and 500�
Dwell time 35 μs

Resolution 2,048 pixels

Step size Between 0.2 and 0.4 μm

8 TRIDELLO ET AL.
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Gage 2

Gage 1

(A) (B)

(C)

FIGURE 5 Validation of the applied stress amplitude with strain gages: (A) strain gages bonded to the specimens; (B) applied stress

amplitude with respect to the input voltage exerted by the piezoelectric transducer; and (C) experimental stress amplitude with respect to the

stress amplitude computed with FE [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 S-N plot of the

experimental results and estimated

median, 0.1-th and 0.9-th quantile P-S-N

curves [Colour figure can be viewed at

wileyonlinelibrary.com]
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intervals do not overlap, further proving the significant
difference. It can be noted that the slope of the two S-N
curves is almost the same, with limited differences.
Indeed, as discussed in the following sections, the failure
origin is the same, with surface defects due to the high
surface roughness controlling the fatigue response for
both investigated conditions. Accordingly, the slope is
not expected to significantly vary. It must be also noted
that the slope is strongly dependent on the distribution of
the experimental data within the investigated life range
and the dataset numerosity. Accordingly, if a larger (or a
smaller) amount of data were available, the slopes would
be different, but this difference would not be expected to
be very high due to the same failure origin.

The scatter is large for both specimens: for example,
for an applied stress amplitude of 60 MPa, failures range
from 1:5�106 cycles to 8:6�107 cycles for notch speci-
mens. Similarly, for an applied stress amplitude of
100MPa, failures range from 4:2�106 cycles to 3:67�
107 cycles for plain specimens. The reason for the experi-
mental scatter, which is typical for AM specimens and is
generally larger than that of traditionally built specimens
due to the interaction between defects, stress gradient,
and surface roughness, is investigated in the following
sections.

4.2 | Microstructural characterization
and defect analysis

In this section, the results of the microstructural charac-
terization and the defect analysis are analyzed. In detail,
Section 4.2.1 focuses on the EBSD analysis, whereas

Section 4.2.2 is about the defect characterization, with
micro-CT inspections and micrographs of the fracture
surfaces with the FESEM.

4.2.1 | Microstructural analyses

Figure 7 shows the results of the EBDS analysis. In par-
ticular, Figure 7A shows the measurement locations;
Figure 7B,C shows the crystallographic map close to the
notch (location a) and at the same axial position but in a
location where the notch has no effect (location b),
respectively. In general, according to Figure 7B,C, it can
be concluded that the microstructure and the grain distri-
bution and size are not affected by the measurement
location. Indeed, the grains in the vicinity of the notch
have approximately the same characteristics in terms of
size range, average size, and general shape, as those
assessed in the areas far away from the notch.

Figure 7b,c shows irregularly shaped grains with large
size variability, in agreement with literature data for
AlSi10Mg, as reported in Konecna et al.17 and Yang
et al.38 To highlight this variability, the grain size range,
average, and standard deviation are reported in Table 5,
for the analyses carried out in the vicinity of the notch
and far from it, with a total of four maps acquired for
each type of area. The results in Table 5 exclude the
grains located on the borders of the maps, as their areas
are not entirely captured in the respective analyses. Fur-
thermore, the results of the analysis of the chemical com-
position are reported in Table 5, showing that the
percentages of silicium and magnesium are within
the expected values for AlSi10Mg.

a b

Building 
direction

Building direction Building direction

(A)

(B) (C)

FIGURE 7 EBSD analysis:

(A) measurement location; (B) EBDS

map at location a; and (C) EBDS

map at location b [Colour figure can

be viewed at wileyonlinelibrary.com]
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Although the standard deviations for the measured
grain sizes are different in locations a and b, no correla-
tion between the standard deviation and the measuring
location can be established. Indeed, for the four maps
acquired around the notch area, the standard deviations
ranged from 56.3 to 132.7 μm2, while the four maps on
areas without notch effect had standard deviations
between 58.8 and 122.9 μm2. Since the grain size range
for all areas is quite large, being comprised in the
range of [2, 1,200] μm2 in all observations, the difference
in variability among the maps is considered intrinsic to
the production process and cannot be considered
significant.

Table 5 confirms that the specimen microstructure
does not vary with the measurement location, in line
with the data reported by Konecna et al.,17 which pointed
out that the fatigue life in notched AlSi10Mg specimens
is mainly influenced by the quality of the notch surface
and the specimen build orientation since the presence of
the notch does not cause local microstructural alter-
ations. In general, however, it is expected that grain size,
shape, and orientation influence notch sensitivity in
fatigue tests, as shown in Lorenzino and Navarro,39

which analyzed grain size effect on notch sensitivity of
Aluminum 1050. According to this study, notch sensitiv-
ity tends to be reduced when grain size is increased. Since
Lorenzino and Navarro39 used laminated aluminum
sheets to produce the specimens, as well as controlled
thermomechanical treatments to alter grain size, the
observed grains tend to have more uniform shapes and
size distributions than the grains observed in Figure 7.
However, it is reasonable to assume that, in the tested
LB-PBF AlSi10Mg specimens, smaller grains, of areas
down to around 3 μm2, affect the fatigue response close

to the notch. On the other hand, due to the random dis-
tribution of grain size, and the random and rare occur-
rence of small grains, the influence of these small grains
can be considered limited, with the fatigue response
mainly controlled by surface defects and irregularities.

4.2.2 | Defect analysis

In this section, the defect population is investigated by
analyzing the results of the micro-CT inspections and the
defects at the origin of the fatigue failures on the fracture
surface. Figure 8 plots the internal defect sphericity with
respect to the square root of the area of the defects pro-
jected in a plane perpendicular to the direction of the
maximum applied stress (

ffiffiffiffiffiffiffiffiffiffi

Area
p

), according to
Murakami.40

According to Figure 8, the sphericity tends to
decrease with the defect size, in agreement with
Colombo et al.,41 Larrosa et al.,42 and Wu et al.43 Indeed,
larger defects tend to have a more irregular shape. The
size of internal defects is close to that found in the litera-
ture for AlSi10Mg specimens subjected to fatigue
tests.42–44 The maximum defect is characterized by a
ffiffiffiffiffiffiffiffiffiffi

Area
p

smaller than 130 μm, below that found in Tridello
et al.,44 where defects with an

ffiffiffiffiffiffiffiffiffiffi

Area
p

above 200 μm were
detected. However, the defect population is strongly
dependent on the specimen geometry and on the process
parameters selected for manufacturing the specimens,45

thus explaining this difference in the size of the defects.
A second analysis is carried out with micro-CT. Indeed,

in ultrasonic fatigue tests, the test ends when the specimen

TABLE 5 EBSD and EDS analysis results for areas at location

a and location b

EBSD statistic data

Analysis location Location a Location b

Minimum grain area (μm2) 3.1 2.6

Maximum grain area (μm2) 936.4 866.2

Average grain area (μm2) 35.9 42.0

The standard deviation of
grain area (μm2)

74.9 95.7

EDS chemical composition—weight percentages

Aluminum (%) 89.59 89.49

Silicium (%) 9.38 9.41

Magnesium (%) 0.87 0.93

Iron (%) 0.17 0.17

FIGURE 8 Defect sphericity with respect to the square root of

the defect area projected in a plane perpendicular to the direction

of the maximum applied stress,
ffiffiffiffiffiffiffiffiffiffi

Area
p

[Colour figure can be

viewed at wileyonlinelibrary.com]
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resonance frequency, due to the propagation of a fatigue
crack, suddenly drops and falls outside the UFTM fre-
quency working range [19.5:20.5] Hz. Accordingly, the test
ends without a separation of the specimens into two
halves. To verify the crack origin and propagation, a
micro-CT inspection is carried out on a plain and a notch
specimen after failure. Indeed, the crack is generally not
visible on the specimen surface. Failed specimens are
thereafter subjected to a quasi-static tensile test to separate
them into two halves and observe the fracture surfaces
with the FESEM.

For the plain specimens, a cross-section generated by
a plane parallel to the loading direction (z axis) is shown
in Figure 9A. The distance between the crack and the
specimen center is equal to 7.95 mm. Therefore, for this
specimen, the fatigue crack originated in a region close to
the specimen center, i.e., where a critical surface defect
due to the high roughness is present. In order to properly
investigate the crack origin, the fracture surfaces are
observed, as discussed in the following.

It must be noted that, in the performed analyses, the
nominal applied stress amplitude, i.e., the stress ampli-
tude at the specimen center, has been considered. Indeed,
even if the failure origin is not always located at the spec-
imen center, the local stress amplitude inducing the
experimental failures is close to the maximum applied
stress. For example, for the fatigue failure originating at
about 8 mm from the specimen center, the difference
between the local and the nominal stress is smaller than
3%. For this reason, in all analyses, the nominal stress

amplitude has been considered in place of the local
stress amplitude.

In Figure 9B, the same cross-section for the notch
specimen is shown. In this case, the crack is near the
specimen center. In particular, it is interesting to note
that the crack has initiated where the stress reaches its
maximum value close to the hole, as expected, but only
on one side of the hole. This can be caused by a worse
hole surface quality in this region and confirms that ran-
dom surface defects interacting with the stress gradient
control the crack nucleation process and, accordingly,
the resulting fatigue life of notched specimens.

The crack origin is finally analyzed with the FESEM.
Figures 10A,B show the fracture surface of a notch speci-
men and of a plain specimen, respectively. According to
the fatigue marks identified on the fracture surfaces, the
crack originates on the specimen surface for plain speci-
mens. Internal defects analyzed with micro-CT inspec-
tions (Figure 8) are not critical for the investigated
specimens, since surface defects due to the high surface
roughness have a more detrimental effect. For the notch
specimens, the fatigue crack originates at the border of
the notch for all tested specimens, in the local region
with the maximum stress, as shown in Figure 10A. Fail-
ures are, moreover, randomly distributed along the hole
thickness. Even for notch specimens, the low surface
quality, interacting with the local peak stress, is responsi-
ble for the crack initiation,46 with the internal defects
being not critical. This is in agreement with literature
results,18,21 where the authors pointed out the

Loading 
direction

Loading 
direction

(A) (B)

FIGURE 9 Crack visualization from CT inspection of the plain specimen (A) and the specimen with the notch (B) [Colour figure can be

viewed at wileyonlinelibrary.com]
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importance of improving the surface quality with appro-
priate post-treatments to enhance the fatigue response,
especially if notches are present.

5 | DISCUSSION

According to the S-N plot reported in Figure 6, the experi-
mental data show a quite large scatter, which can make it
difficult to quantify the notch effect. Moreover, the experi-
mental data are obtained in a large life range, between 106

cycles and 109 cycles, whereas the objective of this
research activity is to focus on the notch effect in the
VHCF life region. Accordingly, all the experimental fail-
ures are shifted to the reference number of cycles, Nref ,
corresponding to 109 cycles, according to a common liter-
ature procedure.47 Very briefly, starting from the statisti-
cal distribution of the fatigue life described in Section 4.1,
it can be assumed that each experimental failure is
crossed by a specific α-th quantile curve. Once the α-th
quantile curve for the considered failure is individuated,
the corresponding fatigue strength for the same quantile
and Nref , corresponding to 109 cycles, can be computed.

Figure 11 compares the fatigue strength of the shifted
failures. The shifted experimental data, together with the
95% confidence interval plot for the mean, are reported.

Figure 11 confirms the significant notch effect found
by analyzing the experimental data in the S-N plot. The
effective fatigue notch factor,1 computed as the ratio
between the mean fatigue strength of the plain specimens
and the mean fatigue strength of the notched specimens,
is equal to 1.76. On the other hand, the fatigue notch

factor computed with the standard procedure reported in
Pilkey and Pilkey1 and Collins48 and by assessing the
notch sensitivity factor according to the Neuber relation
(i.e., with the notch sensitivity depending on the notch
radius and a material constant provided as a function of
the tensile strength) has been found larger and equal to
1.87. Similarly, following the procedure reported in the
FKM guidelines, where the relative stress gradient factor
G can be computed from the geometry of the notch and
material constants for aluminum alloys are retained, the
fatigue notch factor results equal to 1.86. In the analyses
based on the Neuber formula and on the FKM guidelines,
the theoretical stress concentration factor for standard

Surfa
ce

 defe
ct

Hole
Surface defect

(A) (B)

FIGURE 10 Representative images of the fracture surfaces: (A) notch specimens and (B) plain specimens [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 11 Shifted fatigue strength at the reference number of

cycles to failure of 109 cycles, together with the 95% interval plot for

the mean [Colour figure can be viewed at wileyonlinelibrary.com]
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tests, i.e., the one provided by the chart for a hole in a
finite plate subjected to tensile stress and equal to 2.52
(Section 2), is considered. The difference between the
effective notch factor and those computed with the litera-
ture relationships is close to 5% and is quite limited. It
must be noted that this limited discrepancy can be attrib-
uted to the material parameters adopted for the computa-
tion of the notch factor with the theoretical methods. For
example, the FKM guidelines provide parameters only
for wrought aluminum alloys, whereas the microstruc-
ture of the investigated AlSi10Mg alloy is significantly
different from that of wrought AlSi10Mg alloys.

Moreover, the interaction between the surface rough-
ness and possible size effects must be discussed. The frac-
ture surface analysis of Section 4.2.2 has shown that, for
the notch specimens, the fatigue crack originates at the
border of the notch, where a random defect due to high
roughness along the transversal direction is present
together with the local stress concentration. In plain speci-
mens, the crack originates from the as-built surface in the
central region of the specimen, where the stress amplitude
reaches its maximum value and in correspondence of the
largest and most critical surface irregularity. Moreover, a
large volume of material is subjected to a stress amplitude
close to the maximum applied stress amplitude in plain
specimens (risk volume, defined as the volume of material
subjected to a stress amplitude above the 90% of the maxi-
mum applied stress according to Murakami,40 above
1,000 mm3). Accordingly, even surface irregularities away
from the specimen center can become critical. On the
other hand, in notch specimens, the volume of material
subjected to the peak stress is very small (risk volume,
according to Murakami40 below 1 mm3), with size effect
also playing a role.14 Therefore, even if a significant notch
effect is found, the effective Kf factor can be larger, since
lowered by the surface roughness and related size effect.

To account for the experimental variability, a range
for the effective fatigue notch factors is also computed.
The lower limit is computed as the ratio between the
2.5% quantile and the 97.5% quantile of the mean fatigue
strength of the plain and notched specimens, respec-
tively. Similarly, the upper limit for the notch fatigue fac-
tor has been computed as the ratio between the 97.5%
quantile and the 2.5% quantile of the fatigue strength of
the plain and notched specimens, respectively. The
resulting interval is [1.54:2.04], including the notch
fatigue factor computed with standard literature method-
ologies employed for the design of traditionally built
specimens. The widely adopted methodologies for the
quantification of the notch effect have therefore proven
to be effective, on average, even for the VHCF life range
obtained at ultrasonic frequency and for AM parts with
as-built surfaces. However, the range for the effective

fatigue notch factor is quite large and experimental vali-
dation of the fatigue notch factor is recommended.

It must be noted that residual stresses may have formed
close to the notch after the drilling process. The surface
roughness and the local peak stress due to the notch play
the most relevant role and mainly affect the VHCF
response of the investigated specimens, with the residual
stresses contributing to the experimental scatter observed
in the S-N plot. The influence of the residual stress is
expected to fall within the estimated quantile P-S-N curve
ranges or the 95% confidence intervals for the fatigue
strength at 109 cycles, pointing out the importance of prop-
erly modeling the experimental variability and not relying
on mean or median values, with the estimated scatter inter-
vals including factors which are not under control.

6 | CONCLUSION

In the research activity carried out in this paper, the
influence of notch on the fatigue response of AlSi10Mg
specimens produced with the LB-PBF process is investi-
gated. Ultrasonic fatigue tests up to 109 cycles have been
carried out on bars with rectangular cross-sections with a
through-thickness hole (2 mm diameter hole in a width
of 10 mm, notch specimens in the following) at the center
of the specimen, and without the hole (plain specimens).
The following conclusions can be drawn:

• The dynamic stress concentration factor, introduced
for ultrasonic fatigue tests, and defined for the tested
specimens as the ratio between the maximum stress
close to the notch and the stress at the inflection point
of the stress trend, where the notch and the free edge
counterbalance their influence, is equal to 2.64, with a
discrepancy from the value found for a hole in a finite
plate and subjected to conventional axial fatigue tests
smaller than 5%.

• The local stress concentration induced by the notch
has a significant effect on the VHCF response. The
80% interval curves of plain specimens are above
the 80% interval curves for the notched specimen with
no overlap, thus indicating a significant notch effect.

• Failures originate from the specimen surface in plain
specimens, where the surface roughness due to the as-
built condition is the highest. In the notched specimen,
the fatigue failures originate at the border of the notch,
where the stress concentration is present, and from a
random surface irregularity. Internal defects, on the
other hand, are not critical.

• The experimental notch fatigue factor at 109 cycles,
Kf ,exp, is equal to 1.76 and is close to the theoretical
notch fatigue factor (Kf ,th¼ 1:86), computed with

14 TRIDELLO ET AL.
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widely employed literature models, with a limited differ-
ence smaller than 5%. Moreover, the range of variation
of Kf ,exp, computed by taking into account the experi-
mental variability, is quite large and equal to [1.54:
2.04], which includes the Kf ,th computed with literature
models. Therefore, literature models can be employed
to quantify the notch effect of as-built AM parts sub-
jected to VHCF loads, but experimental tests are recom-
mended due to the large range of the Kf ,exp values.

• Notch effect and surface quality interact and affect the
crack initiation process. The experimental activity has
proven that even very low-stress amplitudes, which
can be considered safe during the design stage, can be
critical and originate a fatigue failure if applied for a
very high number of cycles.

NOMENCLATURE
EIET dynamic Young's modulus
G relative stress gradient factor
Kf ,exp effective fatigue notch factor
Kt theoretical stress concentration factor
ffiffiffiffiffiffiffiffiffi

area
p

square root of the area of the defect projected in
a plane perpendicular to the maximum applied
stress amplitude

σuts ultimate tensile strength
σy yield stress
Kt,d dynamic stress concentration factor
Ra surface roughness (arithmetic mean roughness)
sa stress amplitude
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