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Abstract

In this paper, the influence of a blunt notch on the VHCF response of SLM

Ti6Al4V specimens is investigated. Ultrasonic fully reversed tension–
compression tests up to 109 cycles were carried out on unnotched specimens

and specimens with a blunt notch. Unnotched specimens show a slightly

larger fatigue response, with limited differences. All fatigue failures originated

from defects, which are bigger in unnotched specimens, mainly due to the dif-

ferent risk volume of the tested specimens and the related size effect. Interac-

tions between notch, stress gradient, and defect size distribution must be

considered to properly assess the influence of notch on the VHCF response.
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Highlights

1. The influence of a blunt notch on the VHCF response of SLM Ti6Al4V

alloy is investigated.

2. The feasibility of ultrasonic VHCF tests on SLM Ti6Al4V specimens is proved.

3. Surface defects play a major role even in SLM specimens with blunt notches.

4. Defects and related size effect can limit the stress concentration effect.

1 | INTRODUCTION

In the last years, the use of components produced by Addi-
tive Manufacturing (AM) processes has tremendously
increased in several industrial sectors, like the aerospace
and biomedical sectors.1,2 AM processes allow to manufac-
ture components with unprecedented complex shapes and

geometrical features, tailored and customized to the final
application, which cannot be produced with traditional
manufacturing technologies, like subtractive technologies.
Topology optimization (TO in the following) algorithms
can be effectively exploited for the design of components
to be produced with AM processes. TO provides the opti-
mized material distribution capable to withstand the
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applied loads, through an iterative process based on finite
element analyses (FEAs).3 With TO and AM, the compo-
nent performance can be enhanced and its weight can be
reduced, without affecting its structural integrity. Due to
this design freedom and the limited manufacturing con-
straints of AM processes, notches with different degrees of
severity can be present in the final geometry. Notches
strongly influence the structural integrity of components
and their effect on the mechanical response must be prop-
erly accounted for, especially if fatigue loads are applied.

The influence of notches on the fatigue response of
AM components, which is generally driven by defects,4,5

up to the high cycle fatigue (HCF) life range has been
quite extensively investigated in the recent and past
literature, even if there are still several unsolved and chal-
lenging open questions as those concerning the mecha-
nisms of crack initiation and the interactions between the
region with stress concentration and manufacturing
defects. In Solberg et al.,6 notch effect on the fatigue
response of as-built and heat-treated Inconel 718 specimens
is investigated. Significant notch effects have been found
by testing unnotched and V-notched specimens. The S–N
curves have been assessed with the Murakami model,7

highlighting the influence of defects on the crack nucle-
ation process. In Solberg and Berto,8 experimental tests
have been carried out on specimens with semicircular and
V-shaped notches. All the specimens failed from defects
placed close to the surface region. A notch sensitivity
between zero and one for V-notch shape and above one
for semicircular notch was experimentally found, explain-
able with the low quality of the downward surface and
suggesting that the notch sensitivity is a “material-compo-
nent” parameter, rather than a “material parameter.” In
Solberg and Berto,9 the authors have highlighted the need
of modelling the interactions between defects and geomet-
rical features and proposed a diagram for the prediction of
failure locations in Inconel 718 notched specimens
produced through AM. Similarly, in Molaei et al.,10 meth-
odologies commonly used for assessing the notch severity
in traditionally built materials have been compared. The
critical plane-based method and fracture mechanics
approaches have been used for analyzing the correlation
between fatigue data obtained through uniaxial and multi-
axial data, showing that both approaches can satisfactorily
fit the experimental results. In Emanuelli et al.,11 the influ-
ence of notch and posttreatments on the fatigue response
of an SLM Ti6Al4V alloy has been investigated. Compres-
sive residual stresses induced by posttreatments can shift
crack initiation below the surface. On the other hand, the
crack can nucleate on the specimen surface after heat
treatments, being this effect more evident in notched spec-
imens characterized by a peak stress in the small region
close to the notch tip. The authors have also highlighted

the interaction between defects and notches and the
importance of assessing the critical volume close to the
notch region.

According to the above literature analysis, notch effect
on the fatigue response of AM components is a very com-
plex phenomenon, with defects playing a significant role
and interacting with the material volume subjected to
high-stress values close to the notch tip. More efforts and
more research are necessary to understand these mecha-
nisms and to ensure a safe design of AM components with
complex geometries. Moreover, to the best of the authors'
knowledge, no experimental results or research on the
influence of notch on the very high cycle fatigue (VHCF)
response of AM parts are available at present. However,
the assessment of the fatigue response of AM parts even in
the VHCF region is of utmost importance due to the
increased required durability of components.12–16

In the present paper, notch effect on the VHCF
response of AM specimens has been experimentally
investigated. Ultrasonic fully reversed tension–
compression tests have been carried out up to 109 cycles
on notched and unnotched specimens. In the first part,
the definition of stress concentration factor for specimens
subjected to ultrasonic fatigue tests17 is recalled and dis-
cussed. Specimens with blunt notches for ultrasonic
fatigue tests have been designed, by comparing specimen
shapes commonly tested in the VHCF literature. Thereaf-
ter, the stress amplitude at the specimen center assessed
with finite element analyses (FEAs) has been validated
with strain gages. Finally, experimental tests on notched
and unnotched specimens have been carried out and the
influence of defects and notch has been investigated.

The present research aims at filling the gap of knowl-
edge regarding the notch effect on the VHCF response of
AM materials. According to the above literature analysis,
at present, no results are available on notch effect on the
VHCF response of AM specimens. In general, results on
notch effect on the VHCF response are quite limited,18–22

due to the complexity of designing specimens with notches
for ultrasonic fatigue tests. In the paper, a straightforward
procedure is defined, by comparing the specimen geome-
tries generally subjected to ultrasonic fatigue tests and by
analyzing a stress concentration factor, the dynamic stress
concentration factor, specifically defined for specimens
subjected to ultrasonic fatigue tests.17 Moreover, the litera-
ture results on notch effect on the fatigue response of AM
specimens, besides being limited to the LCF–HCF life
range despite the importance of the VHCF life region, are
contradictory. The results obtained in the present work
through ultrasonic fatigue tests up to the VHCF life region
can be generalized and extended to the other fatigue life
regions, since they point out the strong interactions
between local stress concentration, loaded volume, and
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defects and thus contribute to improve the knowledge on
notch effect on the fatigue response of AM specimens,
fundamental to guarantee their structural integrity.

2 | SPECIMEN DESIGN AND
EXPERIMENTAL ACTIVITY

In this section, the experimental activity is described in
detail. In Section 2.1, the definition of stress concentra-
tion factor for specimens subjected to ultrasonic fatigue
tests in Paolino et al.17 is recalled and discussed. In
Section 2.2, the procedure followed for the design of spec-
imens with blunt notch is described. Section 2.3 deals
with the material and the AM process for the specimen
production. Finally, in Section 2.4, the testing configura-
tion and the strain gage calibration are described.

2.1 | Dynamic stress concentration
factor

In conventional tension–compression or rotating bending
fatigue tests, the stress concentration factor associated to
the tested specimens (kt ¼ smax

snom
, being smax the maximum

stress and snom the nominal stress) can be reliably
assessed through available charts23 or finite element anal-
ysis (FEA). On the other hand, a definition of a stress con-
centration factor for specimens subjected to ultrasonic
fatigue tests is not available. Indeed, the stress distribution
in specimens subjected to ultrasonic fatigue tests is given
by the stress wave propagation within the specimen13 and
the specimens are designed to have the first longitudinal
mode of vibration close to 20 kHz. Accordingly, the stress
amplitude is not computed by considering the applied load
and the cross-sectional area, and the nominal stress cannot
be assessed, since the stress amplitude varies even in the
specimen part with a constant cross-section. In Akiniwa
et al.,18 ultrasonic fatigue tests are carried out on speci-
mens with different notches. The notch severity associated
to each specimen is assessed by comparing the kt values.
In the following, the definition of stress concentration
factor for specimens subjected to ultrasonic fatigue tests,
kt,d, provided in Paolino et al.17 is considered:

kt,d ¼ smax

slong, max
, ð1Þ

being smax the maximum stress amplitude and slong, max

the maximum stress on the specimen longitudinal axis.
smax and slong, max can be reliably computed with FEA.
slong, max can be therefore considered as the nominal
stress in specimens subjected to ultrasonic fatigue tests.
With the kt,d definition, the severity of notches in speci-
mens subjected to ultrasonic fatigue tests can be reliably
assessed and compared.

2.2 | Specimens with blunt notch:
Design methodology

In this section, the methodology followed for the design
of specimens with blunt notches is described. Among the
specimen shapes used for ultrasonic fatigue tests, two
specimen geometries available in the literature have been
considered. The first one is the typical hourglass geome-
try.13 The second one is the Gaussian specimen shape,
proposed by the research group of the Politecnico di
Torino.17 This shape has been considered since it ensures
an almost uniform stress distribution along the gage
length. Figure 1A,B shows the hourglass and the Gaussian
specimen shapes, respectively, modified in order to induce
a stress concentration with a blunt notch. The parameters
Dh, rc, d, and Dl, highlighted in red, are those that have
been varied to design a specimen with a ratio between
the largest and the smallest diameter equal to 3 (Dh

d ¼ 3)
and a ratio between the radius rc and d equal to 1 (rcd ¼ 1).
With this geometry, the influence of blunt notches on the
VHCF response can be reliably tested with the available
ultrasonic testing machines. The other parameters
(in blue in the figure), L for the hourglass geometry and
Lh, L1, and Lg for the Gaussian shape, are varied to tune
the first longitudinal mode of vibration close to 20 kHz.

For the analysis of the stress concentration, finite
element analyses (FEAs) have been carried out with the
commercial software Ansys, by considering half of
the specimen length and by using axisymmetric plane
82 elements. A modal analysis has been carried out, with
the displacement at the specimen center set equal to

FIGURE 1 Geometries considered

for the design of specimens with blunt

notches: (A) hourglass geometry and

(B) Gaussian geometry. [Colour figure

can be viewed at wileyonlinelibrary.

com]
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0. The mesh has been refined close to the region where
the peak stress occurs, with the element size smaller than
0.25 mm. A mesh convergence has been moreover car-
ried out, with the final configuration ensuring a variation
of the dynamic stress concentration factor smaller than
0.6%. The specimen is manufactured with the Ti6Al4V
alloy by considering average elastic properties for the
Ti6Al4V powders used for the SLM processes, that is,
Young modulus of 110 GPa, density of 4428 kg/m3, and
Poisson ratio of 0:34. The rc value has been varied in the
range 5 : 7½ �mm, with steps of 1mm. Table 1 summarizes
the main results of the simulations and compares the kt
and kt,d values for the two investigated specimen shapes.
The kt values have been computed with FEAs.

According to Table 1, the kt,d values are larger than
the static kt values. Moreover, the hourglass and the
Gaussian geometries provide the same kt,d, with the stress
concentration mainly driven by the ratio between diame-
ters and by the radius rc, regardless of the specimen
shape. Accordingly, hourglass geometry has been selected
(and is to be preferred) since easier to manufacture.
Among the three investigated radius rc, the solution with
rc ¼ 6mm has been chosen, since it ensures a larger fre-
quency distance between the longitudinal mode of vibra-
tion close to 20kHz and the torsional and bending
modes. This is a fundamental parameter to be considered
when specimens for ultrasonic fatigue tests are designed,
since it ensures that bending and torsional spurious stres-
ses are not induced during the experimental tests.

Figure 2A shows the final geometry of the specimen
with blunt notch with kt,d equal to 1:428 (“notch speci-
men” in the following). An hourglass specimen with the
same d and Dh

d and kt,d close to 1 has been also designed,
according to standard procedures.13,17 The geometry has
been iteratively varied to minimize the kt,d value. The
final geometry of the hourglass specimen providing a kt,d
equal to 1:024 (“unnotched specimen” in the following)
is shown in Figure 2B.

Figure 2C shows the stress amplitude along the axial
direction (sa) within the specimen with notch, normal-
ized by maximum stress measured on the specimen axis.
Figure 2D shows the longitudinal stress amplitude
measured on the specimen surface (sa,surf ), normalized by
the maximum stress within the specimen (smax) along the
axial coordinate, y, normalized by the length Lc
(Figure 1). The region between y¼ 0, corresponding to

the specimen center, and y¼ Lc is shown, that is, the
notch region.

2.3 | Experimental material and AM
process

Ti6Al4V ELI powder has been used for manufacturing the
specimens with a selective laser melting process (SLM).
Specimens have been produced by the Beam It group, with
standard process parameters optimized for industrial
applications. They have been built in vertical direction
(i.e., longitudinal axis perpendicular to the building
platform), with a layer thickness of 60 μm and the build-
ing platform heated to 180�C, and thereafter subjected to
a stress relief heat treatment, with a heating temperature
of 740�C. This heat treatment, commonly used for indus-
trial applications, allows to minimize residual stresses,
according to Günther et al.,24 in which similar heating
temperatures and time have been considered. For the
specimens with notches, as thin as possible, supporting
structures have been designed and optimized by the
specimen manufacturers and mechanically removed after
the AM process, paying attention not to damage the
gage section. Figure 3 clarifies the region (in green)
where the support structures have been manufactured. In
particular, supporting structures have been manufactured
in the small circular region with external diameter equal
to Dh, shown in green in Figure 3, to support the upper
horizontal surface (red surface in Figure 3).

It must be noted that the full set of process parame-
ters cannot be disclosed for confidentiality reasons.

Before running the experimental tests, specimens have
been manually polished with sandpapers with increasing
grit, up to 1000#, to remove macro surface scratches that
could cause a premature specimen failure, according to a
common practice for ultrasonic fatigue tests.25–27

2.4 | Ultrasonic fatigue testing setup and
stress calibration

Fully reversed tension–compression tests at constant stress
amplitude have been carried out by using the ultrasonic
testing machines developed at the Politecnico di Torino.
The applied stress amplitude has been kept constant
through a closed-loop control based on the displacement
measured by a laser sensor at the free specimen end. The

TABLE 1 Comparison between the kt and kt,d values for the investigated specimen geometries.

rc (mm) rc
d

Dh
d kt kt,d (hourglass) kt,d (Gaussian)

5 1 3 1.21 1.43 1.43

6 1 3 1.21 1.43 1.43

7 1 3 1.21 1.43 1.43

4 TRIDELLO ET AL.
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specimen temperature has been monitored in real time
with an infrared sensor and kept below 25�C by using two
vortex tubes placed near the specimen center. Figure 4
shows the ultrasonic testing setup, with the temperature
sensor, the displacement sensors, and the vortex tubes in a
typical testing configuration. The specimen is rigidly
connected to the horn with an adhesive butt joint. A two-
component, cyanoacrylate/acrylic hybrid adhesive, ensur-
ing high strength and fast fixturing time, has been used.

Before beginning the experimental tests, the applied
stress amplitude in notched specimens and the corre-
sponding FEA model have been validated with strain

FIGURE 3 Details of the specimen region where the support

structures have been manufactured. [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 4 Ultrasonic fatigue testing setup in a typical testing

configuration. [Colour figure can be viewed at wileyonlinelibrary.

com]

FIGURE 2 Geometries of the specimens for assessing the blunt notch effect: (A) hourglass specimens with notch (notched specimen)

and (B) hourglass specimen without notch (unnotched specimen). (C) Longitudinal stress amplitude distribution in notched specimens and

(D) longitudinal stress amplitude measured on the notched specimen surface (normalized by the maximum stress within the specimen) with

respect to the axial coordinate (only the notch region is shown). [Colour figure can be viewed at wileyonlinelibrary.com]
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gages. A strain gage rosette (HBM 1-XY91-1.5/350, strain
gage 1 in the following) in half-bridge configuration has
been bonded on the specimen part with constant cross-
section (with length L, according to Figure 1). Within this
specimen part, the measuring point with the largest stress
amplitude has been selected, to have a high signal-
to-noise ratio. Figure 5A shows the specimen with the
attached strain gage 1.

A second strain gage calibration has been carried out
by using a micro strain gage (HBM 1-LY11-0.3/120, strain
gage 2 in the following), with 0:3mm grid length, bonded
as close as possible to the specimen center. Figure 5B
shows the specimen with the micro strain gage bonded
on the specimen.

For both validations, a high-speed Elsys strain gage
acquisition system has been used for the completion of
the Wheatstone bridge and to amplify the gage signal.
The measuring system has been completed with the
National Instrument DAQ NI 6363, acquiring the gage
signal at a sample rate of 300 kHz.

3 | EXPERIMENTAL RESULTS

In this section, the experimental results are analyzed. In
Section 3.1, the results of the strain gage calibration are
analyzed. In Section 3.2, the S–N plot of the experimental
data is reported; whereas in Section 3.3 the failure origin
is investigated with the scanning electron microscope
(SEM). Finally, in Section 3.4, the fatigue failure data are
analyzed with literature models and compared with liter-
ature results.

3.1 | Strain gage calibration:
Experimental results

In this section, the results of the strain gage calibration
are analyzed in detail. Figure 6A plots the stress

amplitude acquired by strain gage 1 with respect to the
displacement exerted by the piezoelectric transducer. In
Figure 6A, the green square markers are the experimen-
tal data, whereas the blue circular markers are the stress
amplitude computed through FEA by considering an ini-
tial displacement amplitude computed analytically
(i.e., by multiplying the initial displacement exerted by
the piezoelectric transducer multiplied by the amplifica-
tion factors of the booster and the horn). The Young
modulus in the datasheet by the specimen manufacturer
has been verified through an experimental–numerical
procedure after the specimen production. In particular,
after the polishing process, the specimen resonance
frequency associated with the longitudinal mode of
vibration, that is, the one excited during the ultrasonic
fatigue tests, has been experimentally measured with
the impulse excitation technique.28 Thereafter, an FE
analysis has been carried out to assess the longitudinal
resonance frequency, starting from the specimen
geometry measured with a high-resolution digital caliber.
The dynamic Young modulus in input in the FE
model ensuring a match between the experimental
and numerical longitudinal resonance frequency has
been considered for the subsequent analyses concerning
the validation of the stress distribution within the
specimen.

Figure 6B shows the result of the calibration with
strain gage 2. As before, the green square markers refer to
the experimental results, whereas the blue circular
markers represent the stress amplitudes computed
through FEA and by considering an initial displacement
computed analytically. For both calibrations, the experi-
mental stress amplitude has been computed through a
harmonic interpolation of the acquired strain gage signal.
The FE model described in Section 2 has been used for the
computation of the numerical stress amplitude, by consid-
ering the exact gage locations measured with a digital cali-
ber (resolution of 0:01mm). The calibration has been

FIGURE 5 Strain gage calibration of notched specimens: (A) strain gage rosette attached in specimen part with length L (strain gage 1)

and (B) micro strain gage attached at the specimen center (strain gage 2). [Colour figure can be viewed at wileyonlinelibrary.com]
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carried out at small stress amplitude levels, to avoid
damaging of the strain gages and the temperature
increment.

According to Figures 6A,B, the numerical data are in
good agreement with the experimental data, with the
FEA and the experimental markers overlapping and
following the same linear trend. Accordingly, the stress
amplitude at the specimen center can be reliably assessed
with the developed FE model. The correlation between
the applied displacement amplitude and the stress at the
specimen center has been also verified for the unnotched
hourglass specimens, according to a procedure com-
monly adopted in the literature.27

3.2 | S–N plot of the experimental data

In this section, the experimental results are reported in
an S–N plot (Figure 7) and analyzed.

According to Figure 7, unnotched specimen data are
above the data points obtained by testing notched speci-
mens, but the difference is not so large, with the data
tending to overlap. Unnotched specimen data are above
notch data for number of cycles close to 106, whereas
there is no difference for number of cycles above 107.
However, a reliable comparison is rather difficult due to
the larger scatter of the experimental data,24 especially
for notch specimens. For example, for stress amplitudes
below 220MPa, runout data and failures below 107 cycles
have been concurrently found in notched specimens. The
large scatter of AM data can be generally explained by
considering that failures are driven by defects randomly
distributed within the loaded volume.4,5,29 Accordingly,
the analysis of the experimental results of AM specimen
cannot disregard a thorough analysis of the defect
population.

3.3 | Defect analysis

All the fracture surfaces have been observed with the
scanning electron microscope (SEM) in order to investi-
gate the failure origin. This analysis has confirmed that
all the fatigue failures originated from manufacturing
defects. In the following, the defect originating the
fatigue failure is called “critical defect.”

First, the fracture surface morphology has been inves-
tigated. Two types of morphology have been found.
Figure 8A shows a typical fracture surface of failures
originating from defects, whereas Figure 8B shows a fish-
eye morphology, typical of failures in the VHCF regime.
Fish-eye morphology has been found for specimens
which failed above 5 �107 cycles, two for hourglass
specimens and one for notch specimens. Therefore, the
fracture surface morphology changes, depending on the
number of cycles to failure, with fish-eye failures more
likely to occur in the VHCF regime.

FIGURE 6 Stress amplitude with respect to the displacement exerted by the piezoelectric transducer: (A) calibration with strain gage

1 and (B) calibration with strain gage 2. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 S–N plot of the experimental data. [Colour figure

can be viewed at wileyonlinelibrary.com]
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Critical defects are those generally found in AM speci-
mens, like lack of fusion defects or large surface defects,
shown in Figure 9. All critical defects are concentrated
close or in touch with the specimen surface, with the
largest distance from the specimen surface equal to
250μm. Thus, regardless of the tested specimens, surface
defects have been found to be the most detrimental. This
can be explained by considering that the specimens have
been tested in the as-built like condition, subject only to
a manual polishing and without further posttreatments,
like machining. Accordingly, an outer thin layer of mate-
rial has been removed and large defects close to the sur-
face layer have not been removed or eliminated.

The defect size, the factor that mostly affects the
fatigue response,7 has been then investigated. The square
root of the area of the defect in a direction perpendicular
to the first principal stress,

ffiffiffiffiffi

ac
p

, has been considered as
the characteristic defect size.7,30

ffiffiffiffiffi

ac
p

has been assumed to
follow a largest extreme value distribution (LEVD),
according to the literature.7, 30 Figure 10 shows the Gum-
bel plot of the defect size. For defects showing an irregu-
lar morphology, an equivalent size has been considered
according to the rules provided in Masuo et al.30 and
based on the fracture mechanics approach. The equiva-
lent defect size allows to reliably compare defects with
different origins and morphologies. In Figure 10, the esti-
mated LEVD functions are also shown.

According to Figure 10, defects in hourglass speci-
mens are larger than defects in notched specimens. The
largest defect in unnotched specimens is equal to 261μm,
whereas the largest defect in notched specimens is equal

to 177μm (47% difference). Moreover, all defects in
notched specimens are smaller than 177μm, whereas six
out of eight (about 75%) defects in unnotched specimens
are above 200μm. In unnotched specimens, two small
defects with sizes close to 100μm, about half of the other
ffiffiffiffiffi

ac
p

, have been found. These small defects originated a
fish-eye morphology. Similarly, the smallest defect found
in notch specimens (

ffiffiffiffiffi

ac
p ¼ 54μm) is the only one origi-

nating a fatigue failure with fish-eye morphology, with a
fatigue life above 5 �108 cycles. In both specimen types,
the size of defects originating a fish-eye morphology is
significantly smaller than the size of other defects and, in
general, below 100μm. This confirms that a fish-eye mor-
phology, typical of VHCF failures, is more likely to occur
as

ffiffiffiffiffi

ac
p

decreases, with significantly long fatigue lives.31

The reason for the larger defects in hourglass speci-
mens has been moreover investigated and attributed to
the different risk volumes of the tested specimens.
According to Murakami,7 the risk volume, or V90, has
been assumed as the volume of material subjected to a
stress amplitude above the 90% of the maximum applied
stress. This parameter provides an idea of the volume
of material at risk of crack nucleation. The V90 of
unnotched specimens is equal to 290mm3, whereas the
V90 of notched specimens is one order of magnitude less,
equal to 15mm3. Manufacturing defects randomly origi-
nate during the layer-by-layer process and failure origi-
nates if a defect with critical size randomly forms where
the stress amplitude is high. According to Murakami,7

the probability of large and critical defects increases with
the risk volume, that is, larger defects are more likely to

FIGURE 8 Fracture surface morphology: (A) failure from defect and (B) failure from defects with fish-eye morphology.
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occur in large risk volumes (size effect). The probability
of large and critical defects in the small volume with high-
stress concentration close to the notch tip is therefore
small, and as expected, critical defects in notch specimens
have been found to be smaller. These small defects, not
critical in hourglass unnotched specimens, have in any
case originated the fatigue failure in notched specimens,
since subjected to the high stress induced by the notch.
This explains why, even if

ffiffiffiffiffi

ac
p

are significantly different
between the two investigated specimens, the difference
between the fatigue response in the S–N plot has been

found to be limited. In particular, according to Figure 7,
unnotched specimens are characterized by a larger fatigue
strength in the LCF–HCF region (below 106 cycles) where
the influence of the peak stress is dominant, whereas the
difference tends to reduce in the VHCF region, where
defect size plays the most significant role.32,33

In order to verify that the defect size plays the major
role in the failure origin of the investigated specimens,
Figure 11 plots the stress intensity factor (Kd or SIF),
associated to each critical defect, with respect to the
equivalent defect size.

According to Figure 11, the experimental data of
notched and unnotched specimens follow the same linear
trend, in agreement with literature results.7,30,34 The SIF
of hourglass specimens is larger, due to the larger defect
size, since the specimens were tested at similar stress
amplitudes. This analysis confirms that in both speci-
mens, defect size plays the most significant role and that
the failure origin is driven by the random occurrence of a
large and critical defect in the material volume with large
stress amplitude.

3.4 | P–S–N curves and literature results
analysis

According to the analyses carried out in Section 3.3, the
VHCF failure in the investigated Ti6Al4V alloy is driven
by defects, randomly distributed within the risk volume,
and by their interactions with the stress gradient within

FIGURE 10 Gumbel plot of the defect size found on the

fracture surfaces of notched and unnotched specimens. [Colour

figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 Defects at the origin of the fatigue failures in notched and hourglass specimens: (A) lack of fusion defect and (B) large

surface defect.
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the specimen. To assess the significance of these two
factors, that is, defects and the related size effect and the
stress gradient, the experimental data have been analyzed
with the model proposed in Paolino.35 In Paolino,35 size
effect is modeled by taking into account the stress
gradient and the stress amplitude distribution within the
material volume and the defect size distribution. The
local stress amplitude slocal, that is, the stress amplitude
at the defect location, is considered to assess to real stress
involved in the crack formation, computed through
FEA starting from the defect location measured with a
digital caliber (0.01mm resolution, in the axial direction)
and, in the radial direction, by analyzing the fracture
surface images. The model in Paolino,35 validated on
several datasets investigating size effect in VHCF, is
based on the weakest link principle, with the fatigue life
statistical distribution assumed to follow a Weibull
distribution.

Figure 12 plots slocal with respect to the number of
cycles to failure. The estimated median, 10th, and 90th
quantile P–S–N curves are plotted for the hourglass and
notch specimens.

According to Figure 12, the experimental data
obtained by testing the hourglass and the notch speci-
mens do not collapse into a unique curve, as expected by
considering the local stress amplitude at the defect
location. On the other hand, the P–S–N curves for the
hourglass specimens are unexpectedly below the corre-
sponding P–S–N curves for notched specimens. This
means that the size effect, or better, the effect related to
the probabilistic increment of

ffiffiffiffiffi

ac
p

with the risk volume,
has a dominant effect and counterbalances the stress con-
centration effect. The experimental scatter is large even
by considering the local stress amplitude, highlighting

the significant influence of the randomness associated to
the defect size on the VHCF response. To conclude, for
the investigated specimens with blunt notches inducing a
local peak stress in a small material volume and as-built
like surfaces, notch effect has a limited influence, with
defects having a prevalent effect. Accordingly, notch
effect on the VHCF response of AM specimens must be
analyzed by considering not only the stress concentration
at the notch tip but also defects and related risk-volume
effects, as for HCF test results.11 To isolate notch effect,
experimental tests should be carried out on specimens
with the same geometry and risk volume, but this can be
rather difficult in ultrasonic fatigue tests, according to
Section 2.

Finally, the experimental results obtained in the pre-
sent paper have been compared with literature results
obtained by testing specimens produced with similar pro-
cess parameters and, above all, subjected to heat treat-
ments with similar properties. In Günther et al.,24

Ti6Al4V specimens obtained through a machining pro-
cess of bars manufactured with the SLM process have
been tested. The specimens were moreover heat treated
with a maximum temperature close to that considered in
the present work. A second batch of specimens subjected
to hot isostatic pressing (HIP) process after the machin-
ing process has been tested. Figure 13 plots the experi-
mental results obtained in the present paper and in
Günther et al.24 in an S–N plot. In Figure 13, “Machin-
ing” refers to the specimens subjected to the machining
process, whereas “Machined + Hipped” refers to speci-
mens subjected to the HIP process after the machining
process in Günther et al.24 The experimental data in
Güntheret al.24 have been digitized from the S–N plot
reported in the original paper.

FIGURE 12 S–N plot obtained by considering the local stress

amplitude and P–S–N curves estimated with the model in

Paolino.35 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 11 Stress intensity factor with respect to the defect

size,
ffiffiffiffiffi

ac
p

. [Colour figure can be viewed at wileyonlinelibrary.com]
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According to Figure 13, the fatigue data obtained in
the present paper are below the literature data in
Günther et al.24 The fatigue data of machined specimens
are above the fatigue data for the unnotched hourglass
specimens, with large differences, proving the significant
influence of surface defects and as-built like surface on
the VHCF response. The difference increases significantly
by considering the literature results obtained by testing
specimens subjected to machining and HIP process,
which allows closing also internal defects and with crack
nucleation shifting to small microstructural defects. This
analysis on literature data has further proven the influ-
ence of defects and surface quality on the VHCF response
of the investigated Ti6Al4V specimens.

4 | CONCLUSIONS

In this work, blunt notch effect on the very high cycle
fatigue (VHCF) response of Ti6Al4V alloy specimens pro-
duced through the selective laser melting (SLM) process
is investigated. Fully reversed tension–compression tests
have been carried out on hourglass specimens with a
blunt notch and without notch, up to 109 cycles. The
following conclusions can be drawn:

1. Specimens with blunt notches have been designed
through finite element analyses (FEAs) and by
comparing the dynamic stress concentration factor of
different specimen shapes commonly tested with ultra-
sonic fatigue testing machines. The hourglass shape
has been found to be the most appropriate geometry,
ensuring the required stress concentration and being
the easiest to be designed and manufactured.

2. Hourglass specimens with blunt notch (notch speci-
men in the following, dynamic stress concentration
factor equal to 1.42) and hourglass specimens with-
out notches (unnotched specimen in the following,
dynamic stress concentration factor equal to 1.02)
have been tested. Despite the large experimental
variability, the fatigue response of hourglass speci-
mens has been found to be larger than that of
notched specimens, but with limited differences,
with the data overlapping for number of cycles above
107 cycles.

3. All the fatigue failures originated from manufactur-
ing defects concentrated close to the surface. In
general, fish-eye morphology has been found when
defects at the origin of the fatigue failures are smaller
than 100μm and for fatigue lives above 107 cycles.
Defects in hourglass specimens have been found to
be significantly larger, and this was attributed to the
different risk volume of the tested specimens, being
equal to 15mm3 for the notched specimens and
to 290mm3 for the unnotched specimens. Indeed,
critical defects are more likely to occur in unnotched
specimens with larger risk volumes than in
notch specimens (size effect associated to the defect
size).

4. Blunt notch has been found to negligibly affect the
VHCF response of the investigated SLM Ti6Al4V
specimens. Indeed, defects and related size effect limit
the stress concentration effect and the “risk volume”
has a dominant influence. Notch effect, accordingly,
can be counterbalanced by “risk-volume” effect
when the fatigue response is driven by defects.

To conclude, the VHCF response of blunt notches
SLM specimens with as-built like surfaces, thus with
defects mainly concentrated close to the surface, must be
analyzed by taking into account the interactions between
the defect size distribution, related size effect, and stress
amplitude distribution within the part.
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