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The aim of this study is to model the impact of surface roughness and pores on the fatigue strength of plain
and V-notched specimens made of Inconel 718 under as-built and machined conditions and produced by laser
powder bed fusion (LPBF). Combining fractographic analyses with the Gumbel and the exponential distribution
functions, the statistical analyses of the diameters of the pores and of their distances from the external surfaces
were implemented. Surface roughness scans were performed with the optical profilometer. The finite element
(FE) method was used to simulate a sample of pores generated by the identified probability distributions and
the surface profiles obtained with the scans. The theory of critical distances (TCD) was implemented combining
the blunt and sharp V-notched specimens in the machined condition, and it was combined with the Gumbel
or the generalized extreme values distributions to calculate the fatigue strength concentration factors provided
by the pores and the surface roughness at 99% of probability. Finally, the proposed model was used to predict
the fatigue strength of the blunt V-notched specimens in the as-built conditions and of the plain specimens in
the as-built and machined conditions resulting appreciably similar to the experimental data.

1. Introduction LPBF and electron beam powder bed fusion (EB-PBF), has opened

new opportunities to produce intricate geometries that were previ-

Additive manufacturing (AM) has seen tremendous growth in recent
years, revolutionizing the production of complex geometries and high-
performance materials. One of the most widely used materials in AM
is Inconel 718, a nickel-based superalloy known for its excellent me-
chanical properties [1]. These properties include high tensile strength,
superior corrosion resistance, and the ability to retain mechanical
integrity at elevated temperatures, making it ideal for applications
that demand extreme material performance. Inconel 718’s exceptional
strength-to-weight ratio and its ability to withstand temperatures as
high as 700 °C make it an indispensable material for industries such
as aerospace, automotive, energy, and defense [2-5]. The aerospace
sector, in particular, has benefited from AM technology, which allows
for the production of lightweight, complex, and highly integrated com-
ponents [6,7]. Inconel 718 is often used in the production of turbine
blades, heat shields, and other high-stress components in jet engines
due to its ability to endure high thermal and mechanical stresses over
extended periods of time. The flexibility of AM processes, particularly
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ously unachievable through conventional subtractive manufacturing
methods [8,9]. The potential to reduce material wastage, minimize
lead times, and improve design flexibility has led to the widespread
adoption of AM in the production of Inconel 718 components for high-
performance applications [10]. However, while the promise of AM to
create geometrically complex, high-performance components is undeni-
able, challenges persist, particularly with regard to the introduction of
defects during the manufacturing process. These defects can have sig-
nificant consequences for the mechanical performance of components,
especially in critical applications where reliability is paramount [11—
13]. One of the most significant challenges in AM processes, particu-
larly with materials like Inconel 718, is the formation of defects such
as surface roughness and internal porosity [14,15]. These defects arise
as a result of the layer-by-layer nature of AM, where each layer is
built by melting and solidifying powder particles using a high-energy
source such as a laser or electron beam. Variations in the energy
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Standard deviation of the quantities ob-
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Stress ratio of the fatigue tests

Stress amplitude

Basquin parameters

Number of cycles to failure

Number of experimental data

I—th value of the experimental stress ampli-
tude data

Estimated value of the i—th experimen-
tal stress amplitude according to the fitted
curve

Number of parameters of the fitted curve
Optical microscope

Grain size number according to ASTM E112
Grain aspect ratio

Metal carbides

Maximum diameter in each fractographic
scan for the plain specimen

Maximum diameter in each fractographic
scan for the V-notched specimen

Distance of the maximum pore of a cross-
section of the plain specimen from the
external surface

Distance of the maximum pore of a cross-
section of the VR1 specimen from the
external surface

Random variables

Average of the random variables x and y
Pearson correlation factor

Rank variables of the random variables x
and y

Spearman correlation factor

Kendall correlation factor

Distribution function of Gumbel
Exponential distribution function
Generalized extreme value distribution
function

Position of the i—th experimental data
sorted in ascending order

Parameters of the distribution function of
Gumbel

Parameter of the exponential distribution
function

Parameters of the generalized extreme
value distribution function

Threshold stress intensity factor range

Bar diameter i.e. the gros diameter of the
V-notched specimens

Fatigue strength of the machined VR02
specimen

Fatigue strength of the intrinsic plain spec-
imen according to line method
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Kf,VRl,pore
Kf,,VRl,pore
Kf,pl,rough
K;,pl,rough
K f,plm,rough

K f,VR1,rough

Kf,pl,tot

Fatigue strength of the intrinsic plain spec-
imen according to point method

Fatigue strength of the intrinsic VR1 speci-
men

Fatigue strength of the plain as-built speci-
men

Fatigue strength of the plain machined
specimen

Measured notch radius of the sharp V-
notched specimen

Fatigue strength of the machined VR1
specimen

Fatigue strength of the as-built VR1 speci-
men

Measured notch radius of the blunt V-
notched specimen

Measured bar diameter of the sharp V-
notched specimen

Measured bar diameter of the blunt V-
notched specimen

Axial stress

Parameters of the curve describing the de-
pendence of the critical distance obtained
with line method on the number of cycles
Parameters of the curve describing the de-
pendence of the critical distance obtained
with point method on the number of cycles
FSCF provided by the surface roughness
according to line method

FSCF provided by the surface roughness
according to point method

FSCF provided by the pore in the as-built
and machined plain specimens according to
line method

FSCF provided by the pore in the as-built
and machined plain specimens according to
point method

FSCF provided by the notch in the blunt V-
notched specimen according to line method
FSCF provided by the notch in the blunt
V-notched specimen according to point
method

FSCF provided by the pore in the ma-
chined V-notched specimen according to
line method

FSCF provided by the pore in the ma-
chined V-notched specimen according to
point method

FSCF provided by the surface roughness ac-
cording to line method in the as-built plain
specimen

FSCF provided by the surface roughness ac-
cording to point method in the as-built plain
specimen

FSCF provided by the surface roughness ac-
cording to line method in the machined
plain specimen

FSCF provided by the surface roughness
according to line method in the as-built
V-notched specimen

Total FSCF according to line method for the
as-built plain specimen

K;pl ot Total FSCF according to point method for
- the as-built plain specimen

Kt vRa,tot Total FSCF according to line method for the
as-built V-notched specimen

K¢ pim,tot Total FSCF according to line method for the
machined plain specimen

Ktvr1 m,tot Total FSCF according to line method for the
machined V-notched specimen

Ntpred Predicted number of cycles to failure

Capred Predicted fatigue strength

G pred,pl Predicted fatigue strength of the plain
as-built specimen with line method

0'; pred,pl Predicted fatigue strength of the plain

o as-built specimen with point method

G pred,plm Predicted fatigue strength of the plain
machined specimen with line method

O pred,VR1 Predicted fatigue strength of the as-built
VR1 specimen with line method

Oa,pred,VR1m Predicted fatigue strength of the machined
VR1 specimen with line method

input, powder bed quality, and cooling rates can lead to incomplete
fusion of particles, resulting in voids (porosity) within the material
and irregular surface textures. Surface roughness in additively manu-
factured parts can significantly affect their mechanical performance,
particularly their fatigue behaviour. Rough surfaces act as stress con-
centrators, making it easier for cracks to initiate under cyclic loading
conditions. These cracks then propagate through the material, leading
to premature failure. For example, in Inconel 718 parts produced via
LPBF, as-built surfaces are typically rough due to the unmelted powder
particles and irregular melting patterns. Witkin et al. found that surface
features as small as 50 pm can act as crack initiation sites, significantly
reducing the fatigue limit (FL) of the material [16]. Post-processing
techniques like surface polishing or machining are often employed
to smooth these surfaces, but these additional steps increase costs
and processing times. Internal porosity is another critical defect that
affects the structural integrity of additively manufactured components.
These voids form due to inadequate energy input during the melting
process or the formation of keyhole defects, where excessive energy
causes vaporization of the material creating pores. Internal pores can
serve as crack initiation points under cyclic loading, compromising
the component’s fatigue life. Guo et al. demonstrated in Ref. [17]
that adjusting key process parameters such as laser power, scan speed,
and hatch spacing can reduce the formation of pores and cracks in
LPBF fabricated Inconel 738LC parts. Their study identified an optimal
energy density E, of 48 J/mm?, which minimized defects and improved
the mechanical performance of the parts. Additionally, Stopka et al.
in Ref. [18] investigated the porosity of LPBF Inconel 718 specimens,
and they obtained that a value of E4 between 62 and 79 J/mm? can
minimize the internal porosity. As concerns the surface morphology,
Uriati et al. highlighted in Ref. [19] that surface roughness parameters,
such as skewness (Sg) and kurtosis (Sy,), play a crucial role in de-
termining fatigue resistance in as-built Inconel 718 parts. They found
that parts with higher skewness and kurtosis values exhibited lower
fatigue strength, underscoring the need for optimized surface quality
in AM-produced components. In recent years, researchers have shifted
their approach to understanding the impact of AM-induced defects on
fatigue performance. Instead of treating surface roughness and inter-
nal porosity as separate entities, these defects are increasingly being
reinterpreted as micro-notches that act as stress concentrators. This
approach recognizes that both surface irregularities and internal voids
can raise local stress levels in the material, which in turn facilitates
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crack initiation under cyclic loading [20-23].

TCD has emerged as a valuable tool in quantifying the effect of
micro-notches on fatigue strength. TCD introduces a material charac-
teristic length scale that determines the material’s tolerance to stress
concentrations caused by defects. When the characteristic length of
a material is known, it becomes possible to predict whether a stress
concentration from a defect, such as a micro-notch, will lead to crack
initiation [24]. TCD has two principal formulations i.e. the line method
(LM) and the point method (PM) [25]; the LM identifies the fatigue
stress concentration factor (FSCF) of a notch by averaging the stress
distribution along the notch bisector over the distance 2L where L is
the critical distance, while the PM identifies the FSCF by evaluating the
stress at a certain distance (L’/2) from the notch apex. The TCD was
also formulated as the area method and the volume method, where the
stress is averaged over an area and a volume, respectively. The LM and
the PM have been widely employed over the years to assess the fatigue
strength of notched components produced with traditional technologies
as in Refs. [26-29], and it has also been employed with critical plane
criteria as the Smith-Watson-Topper criterion [30] in Refs. [31,32] or
the Fatemi-Socie criterion [33,34] in Refs. [32,35]. In addition, crystal
plasticity theory was recognized by He et al. in Ref. [36] as a valid tool
to be used in fatigue strength investigations, and in the same research it
was combined with Tanaka-Mura-Wu fatigue model [37]. Given the key
role of crystal plasticity theory in describing the constitutive behaviour
of the material at grain size, it was also coupled with TCD by He et al.
in Ref. [38] to study the microstructural and size effects on fatigue
strength of notched components made of GH4169 alloy. Recently, the
application of TCD has been also extended to AM materials as Ti-6Al-4V
in Ref. [10] by Benedetti et al. In this study it has been demonstrated
that defects located near notch tips can significantly influence fatigue
crack initiation and propagation. Their research used the inverse crit-
ical distance search method, proposed in Ref. [39] by Santus et al.
which enabled them to predict notch fatigue strength, even in scenarios
where the material exhibited high defect sensitivity. One of the most
important aspects of predicting the fatigue strength of AM components
is understanding the mutual interaction between surface roughness and
internal porosity, especially when internal defects are located close to
the surface. In such cases, the interaction between these defects can
significantly amplify local stress concentrations, further reducing the
fatigue strength of the component. In the literature there are some
examples about the use of TCD to predict fatigue strength of specimens,
made for example of Ti-6Al-4V and obtained by LPBF, by accounting for
the interacting effects of surface roughness and porosity as presented in
Gillham et al. [40] and Dinh et al. [41], where accurate fatigue strength
predictions were obtained.

Alternatively, the Murakami model [42] is a strong and efficient
method to investigate the fatigue strength of mechanical components as
described by Santus et al. in Ref. [43] and by Chapetti in Ref. [44]. This
model is based on the y/area parameter, and it can be used to assess
fatigue strength of additive manufacturing components. For example,
in Zhang and Fatemi [45], Macoretta et al. [46] and Rigon et al. [47]
the y/area was calculated according to the expression proposed by
Murakami in Ref. [42] and described in Eq. (1), which aims to make an
equivalence between the defects and the surface roughness. In Eq. (1)
a and p represent the valley depth of the rough profile and the pitch
between roughness valleys, respectively. In particular in Ref. [47] the
dimension of a.y, which represents the effective crack length, was
obtained with three different methods. In the first proposal the authors
considered that a.¢ = 0.6524/area, where +/area was calculated accord-
ing to Eq. (1), the parameter a was calculated as .S, thus the areal
roughness parameter indicating the maximum valley depth according
to ISO 25178-2, p was identified as Ry, thus the mean spacing of a
profile element widths according to ISO 4287:1997 and 0.652 is for
surface defects. In the second approach, a.; was computed with the
expression proposed by Murakami in Ref. [42] for very shallow crack,
ie. agg = \/I_OSV. Finally, in the third approach the authors used the
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maximum obtained value of S, and the value of the effective crack
length was calculated as aqg = 0.7282S,, where 0.728 is a multiplicative
coefficient proposed by Newman and Raju in Ref. [48]. The parameter
S,was obtained by means of an optical profilometer, and the extreme
value statistics (EVS) was employed to obtained the largest value of .
After the determination of the quantity a.g, fatigue strength predictions
were performed on a plain specimen, and it was obtained that the third
method provided better level of accuracy.

p<2.97(£>—3‘51(%)2—9.74([%)3) if ¢ <0195
Jarea = M

038p if 0.195< %<3

In addition, in Yamashita et al. [49] the Murakami model based on
the determination of the y/area parameter was employed to account
for the effects of internal defects on the fatigue strength of Inconel
718 specimens produced with AM. Yamashita et al. in Ref. [50] also
modelled the interaction between the internal pores and the surface
roughness with the y/area parameter. In this latter study, they applied
the area parameter model and extreme value statistics to predict the
fatigue behaviour of Inconel 718 produced via LPBF. They found that
surface defects in contact with the material’s surface had an enlarged
effective size due to stress concentration, underscoring the critical
importance of controlling surface quality during the AM process.

In industrial settings, accurately predicting the fatigue behaviour of
additively manufactured components is essential to ensure their relia-
bility in critical applications. To achieve this, a combination of non-
destructive evaluation techniques and statistical models is employed.
One of the most widely used techniques is computed tomography (CT)
scanning, which provides detailed insights into the internal structure of
AM components. CT scans enable the detection of internal defects such
as pores and cracks, which are otherwise invisible through conventional
surface inspections. This approach allows engineers to assess the size,
shape, and distribution of internal defects through the component as
highlighted by Zanini et al. in Ref. [51], by Witkin et al. in Ref. [16]
and by Wang et al. in Ref. [52]. In addition to this, as demonstrated by
Shahabi et al. in Ref. [53], 2D cross-sectional porosity data obtained
with the optical microscope can be used to infer the defects size, shape
and location in AM components. By examining metallographic sections
and acquiring data with surface profilometers, engineers can gain a
deeper understanding of the surface quality and internal structure of
AM parts. Once the distribution of defects is known, extreme value
statistics can be applied to assess the likely impact of the most critical
defects on fatigue performance. Extreme value statistics focus on the
behaviour of the largest or most severe defects within the material, as
these are typically responsible for initiating fatigue cracks under cyclic
loading. Extreme value statistics has been employed by researchers
in fatigue strength prediction of materials obtained with traditional
technologies as by Pedranz et al. in Ref. [54] or by Benedetti et al.
in Ref. [55] and, recently, it has also been used for the fatigue strength
assessment of AM specimens as by Ai et al. in Ref. [56] and by Niu
et al. in Refs. [57,58]. Hosseini and Popovich’s review [5] highlighted
the importance of integrating non-destructive evaluation techniques
with robust statistical models to predict the fatigue life of additively
manufactured Inconel 718 components. Their research reinforced the
need for a systematic approach to defect management, particularly in
high-stress applications like aerospace, where even small defects can
have catastrophic consequences.

The main point of this research concerns the proposal of a simpli-
fied, statistical and TCD-based approach to calculate the FSCFs pro-
vided by the surface roughness and the internal pores in LPBF speci-
mens. The implemented FE simulations to study the effects of surface
roughness and pores were 2D and 3D, respectively, and they were
performed separately, thus reducing the complexity of a hypothetical
3D complete FE model with both pores and surface roughness. After
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the statistical investigation of the results of FE simulations, the obtained
fatigue stress concentration factors were combined in a simple and con-
servative way and they were employed for fatigue strength predictions
resulting in a good level of accuracy. The research was structured as
follow. Firstly, fatigue tests were performed on plain and V-notched
(sharp and blunt) specimens, in the as-built and machined conditions,
made of Inconel 718 and produced with LPBF. Fractographic analyses
were employed to inspect the internal pores of the specimens, and a
statistical analysis was implemented to investigate the defect sizes and
their distances from the external surface. The 3D optical profilome-
ter, which is a powerful and recognized tool to examine the surface
morphology as demonstrated by Macek et al. in Refs. [59-62], by
Nicoletto et al. in Ref. [63] and by Santus et al. in Ref. [31], was
then employed for surface investigations. 3D FE simulations of pores
generated according to the identified probability distributions of the
diameter and the distance from the external surface were implemented,
and 2D FE simulations of the surface profiles obtained with the optical
profilometer were performed. The critical distances, calculated with the
double notch inversion, were then employed to calculate the FSCFs
provided by the pores and the surface roughness. Finally, the as-
built blunt V-notched specimens and the machined and as-built plain
specimens were involved for fatigue strength predictions.

2. Materials
2.1. Specimen manufacturing and geometries

The Inconel 718 powder analyses were performed in terms of chem-
ical composition and sizes. Powder chemical analysis was determined
by inductively coupled plasma optical emission spectrometry (ICP-OES)
according to ASTM E2594-20 standard. Carbon C and oxygen O were
measured through combustion techniques in oxygen (for C) and inert
gas (for O), according to the ASTM E1019-18 standard. Percentages
of the chemical elements in the Inconel 718 powder are reported
in Table 1. Powder analyses were also performed with the scanning
electron microscope (SEM): Fig. 1 shows the virgin powder particles,
which have a spherical morphology with some satellites on the surface.
A cross-sectional metallographic analysis (Fig. 1(d)) reveals a typical
dendritic as-cast microstructure. The powder particle size distribution
(PSD) was evaluated using sieve analysis on a 100 g batch, as shown
in Fig. 2. Two sieves (25 pm and 45 pm) were used, considering that
most of the particles are finer than 45 pm. The results of the particle
size distribution are shown in Fig. 2.

The mechanical drawings of the manufactured specimens are re-
ported in Fig. 3. Three different types of geometries were involved in
the current research:

+ a sharp V-notched specimen with a nominal notch radius equal
to Ry = 0.2 mm (VR02) shown in Fig. 3(a)

+ a blunt V-notched specimen with a nominal notch radius equal to
Ry =1 mm (VR1) shown in Fig. 3(b)

+ a plain specimen according to ASTM E466 standard shown in
Fig. 3(c)

The design of the sharp and the V-notched specimens was inspired
by the research of Santus et al. [39] to calculate the values of the critical
distances as explained below. The specimens were manufactured with
their axis aligned along the build direction (BD) as indicated in Fig. 3.
The parameters of the 3D printing process were: the laser power P,
the scan velocity v, the hatch distance A, the layer thickness 7, the
meltpool aspect ratio A,, defined as the ratio between the length / and
the diameter of the pool 2r (A, = [/2r) where the values of / and 2r
were defined according to Refs. [46,64], the energy density E4 defined
as Eq = P/thv and the LPBF build rate defined as B, = rhv. The values
of the 3D printing parameters are reported in Table 2, and they are
the same as those of our previous research: Ref. [65] and Ref. [46]
for the baseline case. It was obtained by Moda et al. in Ref. [64] that
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the parameters reported in Table 2 can mostly prevent the presence of
keyhole defects, lack of fusion and internal pores. During the printing
process, the hatching area underwent a stripe scanning consisting on
a rotation of 67° for each layer to minimize the possible anisotropy
of the specimens. As concerns the outer regions, they were printed
with 3 contouring paths parallel to the border and performed in the
same direction. To prevent possible distortions of the specimens once
removed from the building platform, to reduce residual stresses, to
prevent oxidation and to avoid differences between the specimens,
these latter were printed in a single batch with the build platform
heated at 170 Celsius degrees and the process chamber was filled of
Argon gas to obtain an Oxygen concentration less than 7 parts per
million by weight. After the printing process, the specimens underwent
an aging treatment, consistent with AMS 563 and that performed by
Zhang et al. in Ref. [66], which can provide a significant increase
of the hardness as demonstrated in Ref. [46]. The employed furnace
chamber was filled with Argon gas to prevent oxidation. The performed
aging treatment consisted of two different phases, in the first phase the
specimens reached a temperature of 980 °C, which was maintained for
1 h, then they were subjected to a forced furnace cooling until 50 °C
were reached. In the second phase, the specimens underwent a heating
up to 720 °C, and this level of temperature was kept for 8 h, then a
forced furnace cooling was applied with a decreasing temperature rate
of 55 °C/h until 620 °C were reached. This latter level of temperature
was maintained for 8 h, and a final air cooling was performed. The
heat treatment process of the current research was also coherent with
that implemented, after a 3D printing process with similar 3D printing
parameters of those of this research, in Refs. [67,68]. In this latter
research the residual stresses at the end of the whole process were
measured obtaining almost null values. For this latter reason, the
impact of the residual stresses on the fatigue strength of the specimens
involved in this study was neglected.

In this research, two kinds of surface conditions were involved:
the as-built and the machined. The specimens in the as-built con-
dition did not undergo any surface treatment after the 3D printing
process, while the specimens in the machined condition underwent a
turning machining operation, which was performed with a CoroTurn
TR insert with an ISO nomenclature TR-VB1304-F H13 A. The fatigue
behaviour of the sharp V-notched specimen was investigated only in
the machined surface condition, while the fatigue behaviour of the
blunt V-notched and of the plain specimens was investigated under
both machined and as-built surface conditions. The turning machining
operation was performed after the heat treatment and the turning
parameters, i.e. the cutting depth a,, the feed rate f, and the cutting
speed v, were the same of our previous study [65]. The zones where this
machining operation was implemented are indicated in Fig. 3 where
two roughness symbols are reported, one to indicate that the surface
did not undergo any surface treatment while the other, reported in
brackets in Figs. 3(b) and (c), indicates that the specimen underwent a
machining turning operation. The reported symbols indicate the value
of R,, i.e. the monodimensional roughness parameter indicating the
arithmetical mean height, which was expected to be obtained after the
machining operation. In the sharp and blunt V-notched specimens the
turning operation was focused on the notch zone (Figs. 3(a) and (b)),
while in the plain specimens it was focused on the gauge length zone
(Fig. 3(c)).

2.2. Mechanical tests

The static mechanical properties were considered isotropic, and the
Young modulus E, the yield strength Sy, the ultimate strength .Sy
and the percent elongation at fracture e; were the same as those of
our previous research [46,65]. They are reported in Table 3 with the
corresponding ratio between the mean value and the standard deviation
obtained from tensile tests performed by Macoretta et al. in Ref. [46]
on specimens manufactured with the same 3D printing parameters, and
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Table 1
Percentages of the chemical elements in the Inconel 718 powder.
Cr Ni Fe Mo Nb Ti Al C Mn Si P S w Co Cu (0]
18.7  52.7 186 3.1 499 098 044 0059 0.06 014 <0.005 <0.002 <0.01 0.03 0.02  0.009
5 um
Fig. 1. SEM of Inconel 718 virgin powder.
Table 2 Table 3
3D printing parameters employed in the LPBF process. Static mechanical properties of LPBF Inconel 718.
P v h t A, E4 B, Mechanical property Hy o/ 1y
3 3
w) (m/s) pm pm - (J/mm?) (mm?/s) S, (MPa) 1085 1%
280 0.9 90 60 5 57.6 4.9 Sy (MPa) 1340 1%
e¢ (%) 16 10%
E (GPa) 155 3%

I Virgin Powder

Percentage (%)

25-45 micron >45 micron

<25 micron

Particle Size (um)

Fig. 2. Particle size distribution of Inconel 718 powder.

that underwent the same heat treatment of this research. In addition to
this, a Poisson ratio equal to v = 0.29 was considered according to what
obtained by Barros et al. in Ref. [67] for similar 3D printing and heat
treatment processes.

In this research fatigue tests were performed at room temperature
with a RUMUL Mikrotron resonant testing machine, with a testing

frequency of the order of 100 Hz, and the imposed stress ratio, defined
as the ratio between the minimum and the maximum imposed nominal
stress, was equal to R = 0. The Basquin law, described in Eq. (2),
was used to fit the experimental data, and in Eq. (2), o, is the stress
amplitude, k and b are the Basquin parameters and N; represents
the number of cycles to failure. The experimental data are presented,
together with the fitted curve at 50% of probability, in Figs. 4 and
5 for the machined sharp V-notched, the machined blunt V-notched,
the plain both machined and as-built and the as-built blunt V-notched
specimens. The standard deviation was calculated for the fatigue curves
according to Eq. (3) where N represents the number of data, o,;
represents the i—th experimental data of the stress amplitude, 6, ; is the
estimated value of the i—th experimental data of the stress amplitude
according to the fitted curve and ¢ indicates the number of parameters
of the fitted curve, which are 2 in the case of the Basquin law. The
values of the standard deviation were employed to calculate the curves
at 10% or 90% of probability, which are represented with dashed
lines in Figs. 4 and 5. The FL was fixed at 2 x 10° number of cycles
consistently with our previous research [65]. The obtained values of the
Basquin parameters, the standard deviation and FL for the five types of
specimens are reported in Table 4.
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Fig. 3. Geometries and dimensions (in mm) of the 3D printed specimens involved in the research: (a) machined sharp V-notched specimen, (b) machined and as-built blunt

V-notched specimen and (c) machined and as-built plain specimen.

Table 4

Numerical values obtained from the fitting operation on the experimental fatigue data.

Specimen type Fitted Basquin law Exp. FL (2x 10° cycles) of
MPa MPa
Sharp V-notched machined k = 3050 MPa, b = —0.230 109 10.3
Blunt V-notched machined k = 6400 MPa, b = —0.261 146 14.7
Cylindrical as-built k = 5200 MPa, b =—-0.253 132 10.3
Cylindrical machined k = 1540 MPa, b = —0.139 205 19.6
Blunt V-notched as-built k = 2590 MPa, b = —0.224 100 6.18

500 T T |
® V-notched machined R02

< 400 ® V-notched machined R1 |1
o
b
~ 300 1

g
E 1

. 200} @ e

=

g b

g
©
_g Poge,
£ 100 Pso, J
& Py
g Fatigue limit at
s “ NF2x106 cycles
§ Inconel 718
2 R =0, 100 Hz

50 . !
10* 10° 10° 10’ 108

Number of cycles to failure, N,

200 um

No pores detected at the crack
initiation zone

1 mm

detected near the crack
“initiation Zone

Fig. 4. SN curves of the machined VR0O2 ad VR1 specimens.

The Vickers hardness profile measurements were performed on a
machined VR1 specimen using a Vickers microhardness tester (FM-310,
FUTURE-TECH CORP). Measurements were taken with a 50 g load,
with a step of 100 um between the first two indentation points from
the external surface, and then a distance of 250 pm between subsequent
points. Hardness was measured in the plane where the fatigue crack
occurred, which was close to the notch bisector plane, up to a distance
of 3 mm from the surface along a radial path. For each point, 10

measurements were taken, and the mean value and standard deviation
were calculated and reported in the graph in Fig. 6. As observed, the
hardness is constant along the profile, confirming that no hardening
phenomena occurred on the sample surface. Even though the results
were obtained for a machined VR1 specimen, they can be generalized
for all the other specimens given that the hardness depends on the
material and on the performed heat treatment, which were the same for
all the specimens. The obtained values of hardness are coherent with
those obtained in our previous research [65].
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Fig. 5. SN curves of (a) the plain machined and as-built specimens and (b) of the VR1 as-built specimens.
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Fig. 6. Performed hardness measurements.

2.3. Fractographic analyses

Fractographic analyses were necessary to understand the fatigue
crack initiation locations and the causes of failure for the different
specimens, thus several inspections were performed with the SEM.
The obtained results are shown in Fig. 7. Fig. 7(a) represents an
example of the crack initiation mechanism for a VR02 specimen, and,
due to severity of the notch, the fatigue failure of these samples was
triggered by the notch. In the other specimens (VR1 and plain both
as-built and machined) the situation was a bit different. As concerns
the VR1 machined and the plain machined specimens represented in
Figs. 7(b) and (c), respectively, the pores played a crucial role in the
crack initiation, and, in the VR1 machined specimens a combination
of the notch and the pores led to failure, while in the plain machined
specimen the combination between the surface roughness and the pores
led to failure. In the plain as-built and the VR1 as-built specimens,
represented in Figs. 7(d) and (e), respectively, a cooperation between
the pores and the surface roughness, for the plain as-built, and between
the pores, the surface roughness and the notch, for the VR1 as-built,
triggered the fatigue crack initiation.

2.4. Microstructural analysis

The optical microscope (OM) and the SEM were employed to in-
vestigate the grains size and orientation. The specimens were prepared
according to ASTM E3-11 standard and were subjected to etching using
Kalling’s II (n.94, ASTM E407) and the results are shown in Fig. 8. In
Figs. 8(a) and (b) the analyses of a longitudinal section are shown,
while in Figs. 8(c) and (d) the analyses of a transversal section are
presented, and, as shown in Figs. 8(a) and (b), it was obtained that
the grains are elongated along the BD. In Fig. 8 some of the grains are
contoured in white. Grain size was measured according to ASTM E112
using the line-intercept method. This included an overall count of about
50 grains on both cross sections. The obtained grain size numbers were
G = 2.10 in the longitudinal direction and G = 6.47 in the transversal
direction, corresponding to 171 pm and 38 pm, respectively. Finally, the
aspect ratio of the grains was calculated as A, , = 38/171 = 0.22. Given
that the specimens were produced in the same batch and with the same
production parameters (laser power, scan velocity, hatch distance, layer
thickness, meltpool aspect ratio, energy density and LPBF build rate),
the same grain shape and grain aspect-ratio were obtained near the
external surface and in the bulk zone, thus confirming the homogeneity
of the obtained specimens.

To investigate the effect of pores on the fatigue strength, OM
analyses were necessary to understand the shape, the size and the
distance from the external surface of the pores. As concerns the plain
specimens, four as-built samples were prepared with four cross-sections
for each specimen. A 500 pm thick layer was removed from each cross-
section with mechanical polishing of each sample. An example of the
results obtained for the plain specimen is shown in Fig. 9(a), where it is
highlighted the sporadic presence of pores, which were mostly located
near the external surface thus their detrimental effect interacted with
that provided by the surface roughness. The distance of the pores from
the external surface was a significant quantity in this research, and it
was defined as the lowest distance from the external surface to the pore
as shown in Fig. 9(b), and this definition was applied for both plain and
V-notched specimens. The internal pores in both the blunt V-notched
and the plain specimens were considered spherical in the FE modelling
explained below, and this is due to the thermodynamics nature of the
internal pores given that they are obtained from entrapped gas bubbles
according to our previous research Ref. [46]. In addition to this, in
Ref. [46] an investigation on the pores aspect ratio, defined as the ratio
between the two major perpendicular axes, was performed in specimens
obtained with the same 3D printed parameters and aging process as
those of this research, and a value close to 1 was obtained. The almost
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Fig. 7. Fractographic analyses with SEM of the broken specimens: (a) VR02, (b) VR1 machined, (c) plain machined, (d) plain as-built and (e) VR1 as-built.

spherical shape of the pores was also confirmed in Fig. 9(a). Finally, the
precipitates in the samples were analysed with the SEM. The samples
were characterized by the presence of plate-like precipitates at the
grain boundaries, along with a homogeneous distribution of much finer
particles within the grains. These finer particles exhibit two different
morphologies: cubic and needle-like. According to literature data, the
precipitates at the grain boundaries are 5-Ni3Nb, while within the
grains there are cubic y’-Ni3Al (Ni3Ti) and plate-like y”’-Ni3Nb, as
indicated in Fig. 9(c). Some globular metal carbides (MC) were also
observed as shown in Fig. 9(c). The obtained results concerning the
precipitates are coherent with that found in Refs. [5,69-74]. In fact,

TTT diagrams and microstructural investigations reveal the presence
of these precipitates in conventionally heat-treated Inconel 718. Pore
investigations were also implemented for the machined VR1 specimens
where the cross-sections of 10 specimens near the notch were analysed.
The obtained 2D images were captured using a DSX1000 digital micro-
scope, and the defect detection was performed using ImageJ software.
An example of the obtained results is shown in Fig. 10(a), and the pores
were still sporadic and mostly located next to the external surface.
The pores shape obtained in the machined VR1 specimens was still
almost spherical, and the observed precipitates were the same as those
obtained in the plain specimens as shown in Fig. 10(b).



L. Romanelli et al. International Journal of Fatigue 194 (2025) 108821

- o > o

Fig. 8. Grains analysis of the specimens: (a) longitudinal section analysed with OM, (b) longitudinal section analysed with SEM, (c) transversal section analysed with OM and (d)
transversal section analysed with SEM.

(b)

200 pm

Fig. 9. Microstructural analysis of the as-built plain specimens: (a) transversal cross section showing internal pores, (b) definition of the distance of the pore from the external
surface and (c) SEM showing the distribution of the precipitates.

Fig. 10. Microstructural analysis of the machined VR1 specimens: (a) transversal cross section showing internal pores, (b) SEM showing the distribution of the precipitates.
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From each scanned surface, both for the plain and the VR1 speci-
mens, the maximum diameter of the pore (Dpym,y for the plain spec-
imens and Dy ., for the VR1 specimens) and the corresponding dis-
tance from the external surfaces (d; for the plain specimens and dy
for the VR1 specimens) were extracted. The relationship between these
latter quantities was investigated with the Pearson correlation factor
r [75], which is described in Eq. (4) for two random variables x and
y. In Eq. (4) the quantites y, and y, represent the sample averages of
x and y, respectively, while N represents the number of experimental
data. The coefficient r is ranged from —1 to 1, and two quantities can be
considered correlated if the coefficient is near to —1 or 1, while they are
weakly correlated if the coefficient is near 0. In our case, the quantities
x and y were the maximum pore diameter and the corresponding
distance from the external surface, and we obtained that |r| < 0.5 for
the plain and the VR1 specimens. However, the Pearson correlation
factor should be strictly used when the distribution of two variables
is normal and they are linked by a linear relationship, otherwise
the Spearman [76] and the Kendall [77] correlation factors must be
employed. To calculate the Spearman correlation factor between two
random variables x and y, they must be firstly transformed into the
corresponding ranks R [x] and R[y]. For example, if the first value of
x corresponds to the smallest among all the values of x, we have that
R [Xl] = 1, and this reasoning can be applied to the y variable too.
Once R[x] and R[y] are obtained, the Spearman correlation factor r
can be calculated according to Eq. (5). The Kendall correlation factor
is described in Eq. (6) where x and y represent the random variables
and N represents the number of experimental data. The computation
of the Kendall and the Spearman correlation factors gave low values,
and |rg, 1| < 0.5. Finally, the obtained low correlation factors did
not justify a clear correlation between the two quantities, thus the
distribution functions of the pore diameters and the distances from
the external surface were analysed separately both for the plain and
the VR1 specimens. As-concerns the statistical analysis of the pore
diameters in the plain specimens, the applied approach took inspiration
from Ref. [42], and an extreme value statistical approach, in this case
the distribution function of Gumbel described in Eq. (7), was employed.
In Eq. (7), a and b are two unknown parameters to be tuned, and the
values of the cumulative probability F; were calculated consistently
with the Murakami approach presented in Ref. [42] where, given i
the index of a pore diameter among N measured values sorted in
an ascending order, Fg; = i/ (N + 1) i.e. the value that the sampling
distribution assumes for the i—th value of the sample of the random
variable. This latter definition of the cumulative probability was ex-
tended to all the other distribution functions employed in this research.
The parameters a and b were obtained with the least squares method
with a confidence interval of 80%. The experimental data with the
fitted distribution function of Gumbel are shown in Fig. 11(a) where the
envelope curves, represented with blu dashed lines, have been obtained
with the parameters at the upper and lower bounds of the chosen
confidence interval. For each cross-section, the pore with the maximum
diameter was recorded and its distance from the external surface was
also considered a quantity of interest for this research, however, there is
not a clear indication in the literature about the distribution function to
be used in modelling the distance of the pores from the external surface.
For example in Ref. [78] it is suggested that the defect location can be
assumed uniformly distributed in the specimen, while in Ref. [79] the
pore distribution was modelled with a log-normal distribution function.
In this research, the Kolmogorov—-Smirnov test was implemented to
identify a distribution function suitable to model the distance of the
pores from the external surfaces, and it was obtained that the null
hypothesis, which supposed that the experimental data comes from the
chosen probability distribution, was not refused with a p-value = 0.83
for the exponential distribution function. The obtained results from the
Kolmogorov-Smirnov test did not assure that this distribution function
is correct, however, the obtained p-value was high. The exponential
distribution function is described in Eq. (8) where p is the unknown
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parameter to be calculated. The experimental data of the distance of
the pores from the external surface in the plain specimens are shown
in Fig. 11(b) together with the fitted exponential distribution function
whose parameter was obtained with a confidence interval of 80% and
with the least squares method. The dashed blu lines in Fig. 11(b)
represent the envelope of the curves obtained with the parameter at
the upper and lower bounds of the chosen confidence interval. The
above mentioned distribution functions (Gumbel and exponential) of
the pore diameters and the distance from the external surface were used
for the plain specimens both as-built and machined. It might be argued
that there could be some differences, concerning the pores, between the
plain machined and the plain as-built specimens due to the turning ma-
chining operation performed in the machined specimens to reduce the
surface roughness, however, the turning machining operation generally
takes one or two tenth of millimeter, thus with a low impact on the
pores distribution. In fact, the turning machining operation has a low
impact on the internal porosity of AM components, and, as shown by
Chen et al. in Ref. [80], the hot isostatic pressing should be employed
to reduce the presence of internal pores. The obtained parameters of
Egs. (7) and (8) together with their confidence intervals are reported
in Table 5.
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The approach implemented for the plain specimens was also adopted
for the pores in the VR1 specimens. Also in this case from each cross
section the pore with the maximum diameter was identified, and, in
this case, the generalized extreme value distribution function was found
appropriate given that it was able to capture the initial “tail” of the
experimental data shown in Fig. 12(a). The Kolmogorov—Smirnov test
was employed and the null hypothesis was not refused with a p-value
= 0.99. The generalized extreme value distribution function is described
in Eq. (9) where {, pge, and oy, are the unknown parameters to be
computed. The term ¢ represents the shape parameter, and for values of
¢ near to 0, the generalized extreme value distribution function returns
the distribution function of Gumbel. The experimental data and the
fitted curve are reported in Fig. 12(a), and the unknown parameters
were obtained with the least squares method. In Fig. 12(a) the dashed
blue lines represent the envelope of the curves obtained with the
parameters at the upper and lower bounds of the chosen confidence
interval. As in the plain specimen, the distance from the external
surface of the pore with the maximum diameter in each cross section
was statistically significant also in the VR1 specimens. The generalized
extreme value distribution function was still found appropriate, and
it was obtained that the null hypothesis was not refused with p-value
= 0.78. The experimental data with the fitted curve are shown in
Fig. 12(b), and the dashed blue lines still represent the envelope of the
curves obtained with the parameters at the upper and lower bounds of
the chosen confidence interval. Also in this case it was assumed that
the turning machining operation did not considerably affect the pores
distribution in the V-notched specimens, thus the same distribution
functions were assumed valid both for the VR1 machined and as-built
specimens. The obtained parameters of Eq. (9) together with their
corresponding confidence interval of 80% are reported in Table 6.
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Table 5
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Numerical values obtained for the parameters of the Gumbel and exponential distribution functions concerning the pores of

the plain specimens.

Quantity

Pore diameter

Distance from the external surface

Parameter 1 a=14.5 pm p =411 pm
Parameter 2 b=459 pm /
Confidence interval parameter 1 (13.7<a <153) pm (381 < u <441) pm
Confidence interval parameter 2 (45.0 < b <46.8) pm /
(a) (b)
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Fig. 11. Statistical analysis of the pores in the plain specimens: (a) distribution function of Gumbel to model the pore diameter and (b) exponential distribution function to model

the distance from the external surface.

Table 6

Numerical values of the parameters obtained for the generalized extreme value distribution functions
concerning the pores of the V-notched specimen.

Quantity

Pore diameter

Distance from the external surface

Parameter 1 (pgey)

Parameter 2 (o, )

Parameter 3 ()

Confidence interval parameter 1
Confidence interval parameter 2
Confidence interval parameter 3

41.8 pm

25.0 pm

0.482

(39.3 < gey <44.3) pm
(207 < 6,0, £29.2) pm

0.169 < ¢ <0.795

67.1 pm

59.6 pm

1.26

(58.6 < Hegey < 75.6) pm
(40.9 < Ogey < 78.3) pm

0.678 < ¢ <1.85
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Fig. 12. Statistical analysis of the pores in the VR1 specimens: generalized extreme value distribution function to model (a) the pore diameter and (b) the distance from the

external surface.

2.5. Optical profilometer observations

The surface morphology was analysed with the optical profilometer
Taylor Hobson CCI MP-L, which makes use of the coherence correlation
interferometry, which means that a light source is divided in two paths,

one moves to the reference surface while the other moves to the test
surface. The two reflected rays of light finally combine at a camera de-
tector, and their interference fringes reproduce the surface morphology.
Given that the effect of the surface roughness was detrimental for the
fatigue strength of the plain and VR1 as-built specimens and it also had
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an influence on the fatigue strength of the plain machined specimens,
the scans were performed on as-built and machined plain specimens
and on the VR1 as-built specimens. Some of the obtained results are
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shown in Fig. 13. In Figs. 13(a) and (b) two examples of the scans
obtained from the plain as-built and machined specimens, respectively,
are shown. In the plain specimens the surface investigations focused on
the central zone, which, accordingly to our previous research Ref. [65],
was the highly stressed surface. In addition, it is possible to observe
the differences between the surface topographies of the as-built plain
specimen of Fig. 13(a) and the machined plain specimen of Fig. 13(b).
In Fig. 13(c) the result of one of the scans performed on the VR1 as-
built specimen is reported, and in this case the analysis was focused
on the zone around the notch, which is the most critical part of the
specimen. Fig. 13(d) shows the optical profilometer while scanning the
VR1 as-built specimen around the notch.

3. Fatigue strength analyses
3.1. Determination of the critical distances

In Ref. [39] a procedure to calculate the critical distances L and L’
according to the line and point methods, respectively, and for mode
I loading case was proposed. The above mentioned procedure was
based on the combination of a plain specimen and a sharp V-notched
specimen with the aim of overcoming the determination of the quantity
AK,, which was employed in the classical determination of the critical
distance according to the El-Haddad formulation proposed in Ref. [81].
The determination of the quantity 4Ky, can be, in fact, a challenging
task as highlighted in Ref. [82]. The procedure proposed in Ref. [39]
stands that the critical distance, for both the line and point methods,
is a function of the ratio between the sharp V-notched specimen radius
Ry and D/2, where D is the bar diameter, i.e. the gros diameter of the
V-notched specimen, and of the ratio between ¢} or a;' and oyroama
where ¢} and 0';" are the intrinsic fatigue strength values according to
LM and PM, respectively, and oyrgyma is the fatigue strength of the
machined sharp V-notched specimen. In this case the sharp V-notched
specimen had a nominal notch radius equal to Ry = 0.2 mm, and, in
principle, the intrinsic fatigue strength should coincide with the fatigue
strength of the machined plain specimen, thus the critical distances
could be obtained with Egs. (10) and (11) for LM and PM, respectively.

R oy
L:2f<£,—a> (10)
2 D/2 OVR02,m,a
R o
L = D gl =2, —=2 11
2 D/2" oyrozma

According to Fig. 7(c), the plain machined specimens had some
pores near the external surface which triggered the crack initiation,
thus the intrinsic fatigue strength was not considered equal to that
of the machined plain specimen. This case was the same as that of
Ref. [54] for cast iron specimens, and it can be solved by combining the
two V-notched specimens, i.e. the machined sharp V-notched specimen
and the machined blunt V-notched specimen (Ry = 1 mm). This latter
procedure is described in Egs. (12) and (13), where oygypm, is the
fatigue strength of the machined blunt V-notched specimen, R, and R,
are the notch radii of the blunt and sharp V-notched specimens, and
D, and D, are the bar diameters of the blunt and the sharp V-notched
specimens. In principle the bar diameters of the V-notched specimens
are equal according to Figs. 3(a) and (b), however, once printed,
these two values can present differences, which are of fundamental
importance for an accurate determination of the critical distances. For
this reasons, the diameters D;, and D, were measured, and it was
obtained that D,=8.67 mm, and D; = 8.63 mm. Besides this, the values
of the notch radii were measured after an analysis with the SEM, and
the values of R, = 930 pm and R;, = 184 pm were obtained. The
only unknown quantities in Eq. (12) were the intrinsic fatigue strength
values ¢} and a;", which were determined after some iterations with
the MATLAB script proposed in the appendix of Ref. [39].

D D R o}
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The use of the double notch inversion to obtain the values of the
critical distances assumed that the notch triggers the fatigue crack,
and this was confirmed in Fig. 7(a) for the machined VR02 specimen.
However, as shown in Figs. 4 and 7(b), a combination between the
notch and a pore near the external surface could be responsible for the
fatigue failure of the machined VR1 specimen. For this reason at the
FL (2 x 10° number of cycles), the specimen indicated with 1 in Fig. 4
was used to calculate the critical distances. In fact, as shown in Fig. 4,
the fatigue failure of this specimen was only driven by the notch given
that no pores were detected next to the crack initiation zone, and, for
this reason, it was called intrinsic machined VR1 specimen. The chosen
fatigue strength value of the machined VR1 specimen to perform the
determination of the critical distance at 2 x 10° number of cycles was
equal to oygy ;o = 190 MPa, and it was then employed in Egs. (12) and
(13). Once the values of or and aa*' were obtained, the corresponding
values of the critical distances were calculated according to Egs. (14)
and (15), and it was obtained that L = 13.7 ym and L' = 24.7 pm at
2 x 10° number of cycles.

(13)

D R, o
L=ﬂf< P —— ) a4
2 Dy /2" oyroz,ma
’
D R ox
L= g 50 —— (1s)
2 Dy /2" 6yRo2,ma

Given that the only available fatigue strength value for the intrinsic
machined VR1 specimen was at 2x 10° cycles, in principle we could not
obtain the values of the critical distances at lower number of cycles to
failure. Strictly speaking, the fatigue strength predictions could only
be obtained at the FL. In Ref. [83] it is highlighted that the influence
of the notch in fatigue failure can become negligible at low numbers
of cycles to failure, thus the fatigue strength of a notched specimen is
similar to the fatigue strength of a plain (unnotched) specimen. This
latter because at low numbers of cycles to failure the plasticity plays a
fundamental role in redistributing the stresses. For example, in Fig. 5
it is shown that the difference between the fatigue strength of the
machined VR02 and VR1 specimens decreases at low number of cycles
to failure. Generally, the number of cycles to failure to consider the
fatigue strength of a notched specimen equal to that of the correspond-
ing plain specimen can be fixed at 103 according to Ref. [83]. For this
latter reason the curve of the intrinsic machined VR1 specimen was
supposed to intersect the fatigue curve of the experimental machined
VR1 specimen at 10’ number of cycles. The fatigue curve of the intrinsic
machined VR1 specimen was then obtained by supposing that the
point, in terms of number of cycles to failure and stress amplitude,
(2x108;190) satisfies the Basquin equation and that the fatigue curves of
the intrinsic machined VR1 specimen and the machined VR1 specimen
intersect each other at 10> number of cycles to failure. The obtained
curve of the intrinsic machined VR1 specimen is then shown in Fig. 14.
The obtained Basquin curves of the machined VR0O2 specimen and of
the intrinsic machined VR1 specimen were employed, according to
the procedure proposed by Santus et al. in Ref. [39] and described in
Egs. (12), (13), (14) and (15), to calculate the values of the critical
distances L and L’ at the experimental numbers of cycles to failure,
below the FL, of the as-built plain specimens, and the obtained results
are shown in Fig. 15(a). The obtained values of the critical distances
by varying the number of cycles to failure were fitted with the curves
described in Egs. (16) and (17). These latter equations provide a
dependence of the critical distance on the number of cycles to failure
described by an exponential relationship with the parameters A, B, A,
and B, which was proposed by Susmel and Taylor in Ref. [84]. The
obtained values of the parameters of Eq. (16) are A = 24.0 pm and
B = —0.039, while A; =45.1 ym and B, = —0.041 are obtained for the
parameters of (17). Given that, as shown in Fig. 15(a), Egs. (16) and
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Fig. 13. Examples of scans performed on (a) the plain as-built specimen, (b) the plain machined specimen, (c) the VR1 as-built specimen and (d) optical profilometer during

scanning operation of the VR1 as-built specimen.

(17) can well represent the dependence of the critical distance on the
number of cycles to failure, the obtained curves were then employed to
calculate the values of L and L’ in correspondence of the experimental
numbers of cycles to failure of the plain machined, the as-built VR1
and the machined VR1 specimens. The values of the fatigue strength

14

of the intrinsic plain specimen ¢ and 0'::/ were calculated for the plain
as-built specimens by varying the number of cycles to failure, and they
are reported in Fig. 15(b). According to the procedure proposed in

Ref. [39], the obtained intrinsic fatigue strength data can be perfectly
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Fig. 14. SN curves of the machined VR1 specimen and of the intrinsic machined VR1
specimen.

fitted with a Basquin curve (Eq. (2)) as described in Fig. 15(b).

L=A(N)" 16)

V= ()" a7

3.2. FE analyses

In all the FE models an isotropic linear elastic constitutive behaviour
of the material was introduced through the quantities £ and v. The
Young modulus E was the same as that of Table 3, while the Poisson
Ratio, as mentioned in 2.2, was taken from Barros et al. in Ref. [67].
Some of the surface profile scans obtained with the optical profilometer
were modelled with FEM. Plane axisymmetric 182 elements were em-
ployed for FE modelling as shown in Figs. 16(a), (b) and (c) for the plain
as-built, the plain machined and the VR1 as-built specimens, and the
submodelling technique was implemented focusing on the zone close to
the scanned profile. A unitary stress was applied at the top of the model
for the plain as-built and machined specimens, while in the machined
VR1 specimen the stress applied at the top of the model was obtained
by considering an applied unitary stress in the net section, thus the
minimum section of the specimen, which was scaled by the quadratic
ratio between the diameters of the net (6 mm) and the gros (8.63 mm)
sections. After FE simulations, the axial stress o, was extracted along
the radial paths starting from the surface profile valleys where a stress
concentration was expected. The theory of critical distances according
to LM and PM was applied to calculate the FSCFs K qugn and K, fmugh
provided by the surface roughness as described in Egs. (18) and (19). In
these latter equations L and L’ are the critical distances obtained with
LM and PM, respectively, with the procedure presented in 3. In order to
make a statistical analysis of the FSCFs, one hundred values of K ugn
and Kér ., were obtained, and they were fitted with an extreme
value dlstrlbution function (Gumbel in this case), which was found
appropriate to model the distribution of the stress concentration factors
according to Refs. [55,85]. The experimental data together with the
fitted curve are reported in Fig. 17 for the FSCFs obtained with the LM
at the FL, and the parameters of the Gumbel curves were obtained with
a confidence interval of 80%. In Fig. 17 the dashed blue lines represent
the envelope of the curves obtained with the parameters at the upper
and lower bounds of the chosen confidence interval. The obtained
values of the Gumbel parameters « and b with the confidence intervals
of 80% are reported in Table 7 for both the LM and the PM. The values
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corresponding to 99% of probability were calculated, and they were
then employed in the fatigue strength prediction calculations which are
better explained below. The FSCFs obtained with FE simulations of the
as-built VR1 specimen, which are shown in Fig. 17(c), correspond to
the combination between the stress concentration effect provided by
the surface roughness and the notch.

e

K ;rough = 2L / Gxdy
Ll

(%)

The FE modelling of the pores was based on the distribution func-
tions obtained to describe the pore diameters and the corresponding
distances from the external surfaces (Egs. (7), (8) and (9) for the plain
and the VR1 specimens). By reversing the obtained expressions, the
relationships between the pore diameters (Dpjmax and Dy may) OF the
distances from the external surfaces (d, and d,) and Fg or Fy or
Fy were obtained. After this, one hundred values of F; and F, were
generated according to an uniform distribution function, and then one
hundred values of pore diameters were calculated. Finally, one hundred
values of F; and Fy; were generated again, and one hundred values of
the distances from the external surface were obtained. It is important to
highlight that the one hundred values of pore diameters and distances
from the external surfaces were calculated separately because of the
low correlation between the two variables as demonstrated in 2.4. The
obtained one hundred samples of pore diameters and distances from
the external surfaces were used in FE simulations, which are shown in
Fig. 18. In the FE models of the pores, 3D elements were used as shown
in Fig. 18, and only one spherical pore was included. This latter aspect
can be motivated by observing Figs. 9(a) and 10(a), where the distances
between the observed pores is much higher than the values of the
critical distances, thus a low interaction between different pores was
supposed. In the plain specimen, once the simulation was performed,
various points on the external surface of the pore were selected as
starting points of the radial paths to calculate the FSCFs K; .. and
Képore according to LM and PM, respectively. After FE simulations,
the axial stress o, was evaluated along the radial path, and it was
employed to calculate the values of K, and Kf pore by using the
same expressions as Egs. (18) and (19). The hlghest obtained values
for the simulated pore were selected and the
same operations were repeated for all the other pores. In FE simulations
of the pores of VR1 specimen, the aim was to obtain the impact of
the pores on the FSCFs provided by the notch, which were defined as
K¢y according to LM and Kf’N according to PM. To accomplish this,
an initial FE model of the blunt V- notched specimen was implemented
and the corresponding FSCFs K¢y and K fN were calculated according
to TCD. After this, 3D FE simulations of the notched geometry with
a spherical pore were performed as shown in Fig. 18(b) and the axial
stress o, was evaluated along the radial path with the starting point
corresponding to point A. The FSCFs Kgygy pore and Kf’ VR1pore accord-
ing to LM and PM, respectively, were then calculated with Egs. (20) and
(21). This procedure to calculate the effect of the pore on the fatigue
strength of the VR1 specimens can be motivated by observing Fig. 4.
In this latter it is highlighted that a combination between the pore and
the notch triggered the fatigue crack initiation of the majority of the
VR1 machined specimens, except for that indicated with 1, which failed
at oyryma = 190 MPa. This latter value was then chosen as the FL
of the intrinsic VR1 machined specimen. The difference between the
fatigue strength of the specimen indicated with 1 in Fig. 4 and the
FL obtained by fitting the Basquin curve on the experimental data of
the machined VR1 specimen (red curve in Fig. 4) should be explained
by considering the additional effect of the pore. This latter aspect will
be better clarified below. The obtained FSCFs provided by the pores
were then fitted with an extreme value distribution function, and in
particular the distribution function of Gumbel was found appropriate to
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Kfl,rough = ()
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Fig. 15. (a) Critical distance values versus the number of cycles to failure and (b) intrinsic fatigue strength versus the number of cycles to failure.

Table 7

Numerical values obtained for the parameters of the distribution function of Gumbel concerning the FSCFs, calculated with LM
and PM, at the FL provided by the surface roughness in the as-built blunt V-notched specimen and the as-built and machined

plain specimens.

Quantity

As-built blunt V-notched

As-built plain Machined plain

Parameter 1 (LM)
Parameter 2 (LM)
Confidence interval parameter 1 (LM)
Confidence interval parameter 2 (LM)
Parameter 1 (PM)
Parameter 2 (PM)
Confidence interval parameter 1 (PM)
Confidence interval parameter 2 (PM)

a=0.230
b=2281

a=0214
b=2.115

(0.228 < a <0.233)
(2277 < b <2.284)

(0.209 <a £0.219)
(2.109 < b <2.122)

a=0.116
b=1.193
0.114 < a <0.118)
(1.190 < b < 1.195)
a=0.101
b=1.132
(0.099 < a <0.103)
(1.123 < b < 1.135)

a=0.0239

b=1218

(0.0234 < a < 0.0244)
(1217 < b £ 1.219)
a=00162

b=1178

(0.0159 < a < 0.0166)
(1.177 < b < 1.179)

interpret the FSCFs provided by the pore in the plain specimen, while
the generalized extreme value distribution function was found adequate
to describe the FSCFs provided by the pore in the VR1 specimen. The
FSCFs obtained at the FL with the LM are shown in Fig. 19 together with
the fitted curves. The parameters of the fitted curves were obtained
with a confidence interval of 80%, and the dashed blue lines shown
in Fig. 19 correspond to the envelope of the curves obtained with the
parameters at the upper and lower bounds of the chosen confidence
interval. The obtained parameters a and b for the distribution function
of Gumbel and pg,, 04y and ¢ for the generalized extreme value
distribution function are reported in Table 8 according to the LM
and PM. The values corresponding to 99% of probability were then
calculated given that using the fatigue stress concentration factors at
99% of probability has been proved to be an efficient solution for
flawed materials in Refs. [86,87]. This will be better clarified in the
following section.

1 2L
Kf,VRl,pore = 2LK;y /0 o dy (20)
L
’ Ox ( B )
Kf,VRl,pore = @21

!
Kf,N

3.3. Fatigue strength predictions

Finally, the results of FSCFs at 99% provided by the surface rough-
ness and the pores were combined for fatigue strength predictions. In
the plain as-built specimens the results of the FSCFs were multiplied
to calculate the total FSCFs K¢ and Kf” Ltot? according to LM and
PM respectively, as described in Egs. (22) and (23). Given that, as
shown in Eq. (23), the form of the equation to calculate the total
FSCF according to PM is the same as that to calculate the LM and the
variables are only distinguished by the apex ’, for the sake of brevity the
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expressions to obtain the total FSCFs according to PM are omitted for
the other specimens. The same reasoning was applied for the as-built
VR1 specimens, and the expression of the total FSCF according to LM is
presented in Eq. (24). In the just mentioned expressions K ) nore(99%)
and Kgyri pore(99%) were the FSCFs at 99% of probability, obtained
with LM and provided by the pores in the plain and VR1 specimens,
respectively, while K p) 14ugn(99%) and Kgygri rough(99%) represent the
FSCFs at 99% of probability, obtained with LM and provided by the
surface roughness in as-built plain and VR1 specimens, respectively.
According to Egs. from (22) to (24), the total FSCFs were computed
with the product between the stress concentration factors provided by
the pores and the surface roughness. This latter because, according
to Figs. 7(d) and (e), the fatigue crack initiation was prone to start
from the external surface and the combination between the surface
roughness and the pores near the external surface triggered the fatigue
failure. As remarked in 3.2, the obtained value of Kgygy rougn for the
VR1 as-built specimen included the effects of the notch and of the
surface roughness, thus three detrimental factors (the notch, the surface
roughness and the pores) led to the fatigue failure of the VR1 as-built
specimens.

Kf,pl,tot = Kf,pl,pore(gg%) Kf,pl,rough(99%) (22)
th,pl,tot = Kf,,pl,pore(gg%) Kfl,pl,rough(99%) (23)
Kf,VRl,tot = Kf,VRl,pore(99%) Kf,VRl,rough(99%) (24)

As concerns the plain machined specimen, the total FSCF was still
calculated with the product between the FSCFs provided by the sur-
face roughness and internal pores. The obtained expression is pre-
sented in Eq. (25) concerning LM. In the just presented expression
K pim,rough (99%) represents the FSCF at 99% of probability, obtained
with LM and provided by the surface roughness in machined plain spec-
imens. The FSCFs provided by the pores in the plain machined speci-
mens were the same as that employed for the plain as-built specimen.
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Fig. 16. FE models of the scanned profiles with the results of the axial stress o,: (a) plain as-built specimen, (b) plain machined specimen and (c) VRI as-built specimen.

The value of K pim rough(99%) obtained for the plain machined specimen
was lower than the corresponding value obtained for the plain as-built
specimen as shown in the FE results presented in Figs. 16(a) ad (b).
This can be clearly motivated by the fact that the plain machined
specimens underwent a machining turning operation to reduce the
surface roughness. As described in 3.2 and in Egs. (20) and (21), the
FSCFs for the LM and PM provided by the pore in the VR1machined
specimen were computed by relating them to the FSCFs provided by
the notch. The intrinsic fatigue curve of the VR1 machined specimen,
shown in Fig. 14, corresponds, according to TCD, to the fatigue curves
of the intrinsic plain specimen obtained with LM and PM divided by
the corresponding FSCFs provided by the notch and calculated with
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LM and PM, while the experimental fatigue curve of the machined
VR1 specimen should correspond to that of the intrinsic machined VR1
specimen divided by the FSCsF provided by the pore calculated with
LM and PM. The total FSCFs in the VR1 machined specimen were then
equal to Eq. (26) according to LM.

Kf,plm,tot = Kf,pl,pore(gg%) Kf,plm,rough(gg%) (25)

Kf,Vle,tot = Kf,VRl,pore (99%) (26)
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Fig. 17. Statistical analysis of the FSCFs provided by the

Table 8

surface roughness for: (a) plain as-built specimens, (b) plain machined specimens and (c) VR1 as-built specimens.

Numerical values obtained for the parameters of the distribution function of Gumbel and generalized extreme value distribution
function concerning the FSCFs, calculated with LM and PM, at the FL provided by the pores in the as-built and machined
VR1 specimens and the as-built and machined plain specimens.

Quantity Machined blunt V-notched As-built and machined plain
Parameter 1 (LM) Hgey = 0.999 a = 0.060
Parameter 2 (LM) Ogev = 0.0041 b =1.265
Parameter 3 (LM) ¢ =0.839 /

Confidence interval parameter 1 (LM) (0.998 < pge, < 1.000) (0.059 < a < 0.061)
Confidence interval parameter 2 (LM) (0.0034 < Ogey < 0.0049) (1.264 < b < 1.267)
Confidence interval parameter 3 (LM) (0.698 < ¢ <0.980) /

Parameter 1 (PM) Hoey = 0.999 a=0.077
Parameter 2 (PM) Ggey = 0.0035 b=1.155
Parameter 3 (PM) ¢ =0.683 /

Confidence interval parameter 1 (PM) (0.998 < Heey < 1.000) (0.076 < a < 0.078)
Confidence interval parameter 2 (PM) (0.0030 < Ogey < 0.0041) (1.154 < b < 1.156)
Confidence interval parameter 3 (PM) (0.555 < ¢ <0.810) /

The predicted number of cycles to failure were computed with an
iterative procedure, which considered that the initial input experimen-
tal data is the fatigue strength of the considered specimen. Initial guess
values of the numbers of cycles to failure were supposed for LM and
PM, and they were employed to calculate the values of the critical
distances and the corresponding FSCFs, which were multiplied by the
input fatigue strength to estimate the intrinsic fatigue strength. These
latter values were used in the SN curves of the intrinsic fatigue strength
according to LM and PM to calculate the number of cycles to failure. If
the difference between the updated numbers of cycles to failure and the
previous value was below an imposed tolerance, the procedure stopped
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and the predicted numbers of cycles to failure according to LM and PM
were obtained. Otherwise, the critical distances and the corresponding
values of the FSCFs were updated at the newly obtained number of
cycles to failure, and the procedure was repeated until the difference
between the number of cycles to failure obtained at the steps i and i + 1
was lower than an imposed tolerance. The predicted fatigue strength
values were calculated for the plain as-built specimens as described in
Egs. (27) and (28) for LM and PM, respectively. As for the total FSCFs,
the form of the equations to calculate the fatigue strength according
to LM and PM were the same and the variables were distinguished by
the apex ’. For this reason and for the sake of brevity, the expressions



L. Romanelli et al.

(a) Global 3D FE model
Applied unitary stress

Symmetry: u.=0

Applied stress (6/8.63)%

Symmetry: u,=0

-
-
R
-
-
R
-

Constraints imported from the
solution of the global model

.etry ) .

Constraints imported from the
solution of global model

' h .
A
S —

International Journal of Fatigue 194 (2025) 108821

Submodel with a
spherical pore

FE solution

-17192
104593

381107 934135 1.48716_ 2.04019
657621 121065 176368 23167

Axial stress o,

Submodel with a
spherical pore

FE solution

z 173913 629871 143366 2.23744  3.04122
227979 1.03176  1.83555 263933  3.44312
Axial stress o,
Fig. 18. FE models of the pores with the axial stress results o,: (a) plain specimen, (b) VR1 specimen.
@ (b)
T T 1 T
> =
8
=)
g
S
0.8 1 S 08F 1
o 2
Y =
- 8
£ 2
5 06r ] T 0.6 .
%
bl 3
=1 [}
.2 =2
= <
=
£ 04 1 5 04 1
& £
2 o
< =)
2 5
L K _obtained with FE simulation i =
E 02 ° o sbution e g o2 ® K,y obtained with FE simulation 1
© umbel distribution function = Generalized extreme value distribution function
X K (99%) E X Koy (99%)
= = Envelope of the Gumbel distribution function 3 — — Envelope of the extreme value distribution function
0 . I N ; ; ; 0 : : ; )
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1 1.1 12 13 1.4
K pipore Ky pore
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to calculate the fatigue strength according to PM are omitted for all
the other specimens. The expressions to calculate the fatigue strength
of the plain machined specimen, the as-built VR1 specimen and the
machined VR1 specimen are presented in Egs. (29), (30) and (31),
respectively. In Eq. (31) a:’vm represents the fatigue strength of the
intrinsic VR1 machined specimen. The logic flow behind the procedure
proposed in this research to calculate the fatigue strength and the
number of cycles to failure of unnotched and notched specimens of
Inconel 718, manufactured with LPBF and in machined and as-built
surface conditions is resumed in Fig. 20.

Oa,pred,pl = U;/ Kf,pl,tot 27)

’ _ ’
Ua,pred,pl =0y / Kf,pl,tot (28)
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"
Oa,pred,plm = Oy / Kf,plm,tot (29)
*
Oa,pred,VR1 = 0, / KeyR1, ot (30)
_ %
Oa,pred,VRIm = %4 yR1 / Kevrim,tot 81

4. Discussion

The obtained values of the critical distances L and L’ according
to LM and PM, respectively, and presented in Fig. 15(a) show that
L' ~ 2L. This result therefore confirms what obtained by Santus et al.
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Table 9
Comparisons between experimental and predicted values of the FL for the different
types of specimens.

Specimen type Exp. FL Pred. FL (LM) Err. (LM) Pred. FL (PM) Err. (PM)

MPa  MPa (%) MPa (%)
Blunt V-notched machined 146 154 5.50 171 17.2
Cylindrical as-built 132 146 10.6 161 22
Cylindrical machined 205 190 -7.30 207 0.98
Blunt V-notched as-built 100 94.6 -4.40 113 14.1

in Ref. [39]. In addition, when TCD is applied, the intrinsic fatigue
strength, for both LM and PM, coincides with the fatigue strength
of the plain machined specimen. In this case, given the detrimental
presence of pores near the crack initiation sites in plain machined
specimens, these latter were not considered as the intrinsic specimens.
The values of the intrinsic fatigue strengths were therefore calculated
by applying the double notch inversion procedure, and there could be
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indeterminacy given that different values can be obtained with LM and
PM. Despite this, in the current research the values of the intrinsic
fatigue strength o} and a;" obtained with LM and PM, respectively,
were very similar as confirmed in Fig. 15(b). This latter results confirms
the robustness of the double notch inversion procedure to calculate the
values of the critical distances and of the intrinsic fatigue strength when
the presence of internal defects is detrimental for the fatigue failure
of the plain machined specimens. The obtained results in terms of
predicted number of cycles to failure and fatigue strength, and obtained
with LM and PM, are shown in Fig. 21 where the bisector corresponds
to a hypothetical perfect correspondence between the predicted and
experimental quantities, while the dashed lines represent the multi-
plicative factors 2 and 3 as concerns the number of cycles to failure and
the errors of +10% and +20% regarding the fatigue strength. In addition,
the predicted fatigue strength at the FL are resumed in Table 9 for
all the specimens. In the obtained results it is highlighted that the PM
overestimates the fatigue strength and the number of cycles to failure
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with respect to the experimental data. Given that, as discussed above,
the calculated intrinsic fatigue strength values were almost similar
between LM and PM, the reasons of these forecast discrepancies are
to attributed to the different obtained values of the FSCFs according to
LM and PM. In particular, given that the PM overestimate the predicted
fatigue strength and number of cycles to failure, the FSCFs computed
with PM were clearly lower than the corresponding FSCFs calculated
with LM. This can be motivated by observing Fig. 22 where two plots of
the axial stress o, obtained from FE simulation of the surface roughness
(Fig. 22(a)) and the pores (Fig. 22(b)) are presented. In this figure,
the results of the FSCFs calculated with LM and PM are reported
and it is evident that PM underestimate the FSCFs, especially those
provided by the surface roughness. After FE simulation of the surface
profiles obtained with the optical profilometer, it was obtained that
the roughness valleys act as micro-notches with a highly concentrated
stress and a very steep gradient. A shown in Fig. 22(a), the point where
the stress was extracted according to PM was out of the initial zone
with the steep gradient, thus the PM was not able to properly capture
this high slope of the stress. On the other side, the LM proposes to
evaluate the FSCF as the average integral on the micro-notch bisector
of the roughness valley and starting from the roughness valley until
a distance of 2L from the initial point. For these reasons, the initial
zone with the high slope has been necessarily considered during the
computation of the FSCFs with LM. The FE simulations of the pores in
both the plain and the VR1 specimens, highlighted a lower gradient

21

of the axial stress, thus the differences between the FSCFs calculated
with LM and PM were lower than the corresponding values obtained
during the analysis of the surface roughness. In any case, also in the
pores analysis, the FSCFs computed with LM were higher than those
obtained with PM.

5. Conclusions

In this research the fatigue strength of plain and V-notched (blunt
and sharp) specimens made of Inconel 718 and manufactured with
LPBF was investigated. The specimens underwent an aging treatment
to increase the hardness after the 3D printing process, and two surface
conditions were investigated: the as-built, for the blunt V-notched
and the plain specimens, and the machined for the sharp V-notched,
the blunt V-notched and the plain specimens. The surface machined
condition was obtained after a turning machining operation at the end
of the aging treatment. A probabilistic method, based on TCD (LM
and PM), was proposed to calculate the FSCFs provided by the surface
roughness and the internal pores. The main findings of the research are
summarized below.

+ Given the detrimental effect of internal pores on the fatigue
strength of plain machined specimens, the critical distances were
obtained with the double notch inversion, thus involving the
machined sharp and blunt V-notched specimens. The employed
mathematical procedure was that proposed in Ref. [39].
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« Cross sectional analyses were performed to investigate the inter-
nal pores of the specimens. It was obtained that the distribution
function of Gumbel and the exponential distribution function can
accurately model the distributions of the pore diameter and of
the distance from the external surface, respectively, in the plain
specimens. On the other side, it was found that the generalized
extreme value distribution function can accurately model the
distributions of the pore diameter and of the distance from the
external surface in the blun V-notched specimens.

Two populations of pore diameter and distance from the external
surface were generated for the plain specimen and the V-notched
specimen starting from the identified probability distributions.
After that, FE models were implemented to simulate the generated
population of pores, and the FSCFs were calculated with TCD.
The optical profilometer was employed to investigate the sur-
face morphology, and the obtained surface profiles were used
to perform FE simulations. The FSCFs provided by the surface
roughness were then calculated by using TCD.

The distributions of the obtained stress concentration factors pro-
vided by the pore and the surface roughness were fitted with the
distribution function of Gumbel or with the generalized extreme
value distribution function, and the values at 99% of probability
were extracted.

Given that the inspections of the fractured surfaces revealed a
combination of the pores and the surface roughness in triggering
the fatigue failure, the total FSCF was obtained as the product be-
tween the FSCF of the pores and the FSCF of the surface roughness
for the machined and as-built plain specimens and for the as-built
blunt V-notched specimen. The total FSCF was, instead, equal to
that of the pore in the machined blunt V-notched specimen given
that the effect of the surface roughness was negligible and, in any
case, already considered in the notch effect.

The predictions of the fatigue strength and of the number of cycles
to failure performed with LM provided good agreement with
experimental data and a better accuracy than the correspond-
ing predictions obtained with PM. This because the PM cannot
properly capture the rapid gradient of the stress provided by the
micro-notches of the surface roughness.

According to Fig. 15(b), the intrinsic fatigue strength obtained
with the inverse procedure proposed by Santus et al. in Ref. [39]
is appreciably higher, almost twice, than that of the machined
plain specimen. This means that the reduction of the surface
roughness and the almost total elimination of the internal pores
can have a significant impact on the fatigue strength of the AM
materials.

The approach proposed in this research to calculate the criti-
cal distances and the FSCFs provided by the surface roughness
and the internal pores can then be applied to assess the fatigue
strength of AM mechanical components.
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