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A B S T R A C T

The aim of this study was to investigate the impact of surface roughness and size effect on the uniaxial fatigue
strength of aged specimens made of Inconel 718, obtained by laser-powder bed fusion (L-PBF) both under as-
built and machined surface conditions. The surface profiles were scanned with a 3D optical profilometer, and
then modelled and filtered by the fast Fourier transform. This latter allowed to obtain the relevant parameters
to calculate the term

√

𝑎𝑟𝑒𝑎 in the Murakami model to account for the effect of surface roughness on fatigue
strength prediction. Two additional terms were added to the standard Murakami formula: one to account for
the size effect and the other to consider the nonzero value of the average stress. A cylindrical plain and a
miniaturized plain specimens, in the as-built condition, were employed to calibrate the proposed model, while
a machined plain cylindrical and a miniaturized notched specimens were used as validators with low prediction
errors.
1. Introduction

Additive manufacturing (AM), also known as 3D printing, has rev-
olutionized the manufacturing industry by offering new possibilities
in producing complex geometries and custom-designed components.
Among the wide range of materials used in metal AM, the Inconel 718
has gained significant attention due to its excellent mechanical prop-
erties and high-temperature strength [1]. This metal is a nickel-based
superalloy, and its properties make it suitable for critical applications
in aerospace, automotive, and energy sectors [2–4]. Despite the usual
applications of this alloy at high-temperatures, in Ref. [5] it was
recognized that this nickel-based superalloy can also be suitable for
components operating at room temperature.

Inconel 718 is especially suited for AM techniques, and one of the
prominent methods to be used with this alloy is laser-powder bed fusion
(L-PBF) [6,7]. L-PBF involves selectively melting and fusing consecutive
layers of metallic powder using a laser beam and resulting in fully dense
components if required, or even lattice structures when necessary. The
process offers advantages such as reduced material waste, shorter lead
times, and the ability to manufacture complex geometries that are oth-
erwise challenging to produce through the traditional manufacturing
methods [8].

∗ Corresponding author.
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Despite these benefits offered by the L-PBF technique, in order to
achieve the optimal mechanical properties for Inconel 718 parts, a
meticulous control of the process parameters and an implementation
of post-processing treatments are required [9]. Insufficient control over
these parameters can result in defects such as lack of fusion, pores,
and keyholes, which introduce significant threats to the mechanical
integrity of the final components [10–12]. For this reason, carefully
tuning the process parameters is strongly recommended, including laser
power, scan velocity, hatch distance, and layer thickness, to ensure
the production of defect-free parts with the desired properties and
satisfactory productivity. To accomplish this, the identification of a
feasible technological parameter region becomes imperative, which is
a superimposition of the limits that describe the occurrence of lack
of fusion or meltpool instability [13]. The establishment of such a
region can be achieved through comprehensive design of experiments
approaches [11,14] or the utilization of semi-analytical techniques that
leverage the re-elaboration of the Rosenthal solution [15] for a travel-
ling steady-state point heat source [16,17]. By systematically exploring
the parameter space within this feasibility region, manufacturers can
optimize the L-PBF process and obtain a trade-off between productivity
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Nomenclature

AM Additive manufacturing
L-PBF Laser-powder bed fusion
HIP Hot isostatic pressing
VIGA Vacuum inert gas and atomization
PSD Particle size distribution
FFT Fast Fourier transform
HSS Highly stressed surface
OM Optical microscope
OP Optical profilometer
LEFM Linear elastic fracture mechanics
𝑃 Laser power
𝑙 Meltpool length
2𝑟 Meltpool diameter
𝐴r Meltpool aspect ratio
𝐴r,g Grain aspect ratio
𝐵r L-PBF build rate
𝑣 Laser scan velocity
ℎ Hatch distance
𝑡 Layer thickness
𝑎t Cutting depth of the turning machining

operation
𝑓t Feed rate of the turning machining opera-

tion
𝑣t Cutting speed of the turning machining

operation
𝐸d Energy density
𝑆Y Yield strength
𝑆U Ultimate strength
𝐻V Vickers hardness
𝜀f Percent elongation at fracture
𝜇t Mean value of the properties obtained from

static tensile test
𝜎t Standard deviation of the properties ob-

tained from static tensile test
𝑅 Load ratio of fatigue loading
𝛥𝜎 Stress range
𝜎a Amplitude stress
𝑘, 𝑏 Basquin parameters
𝜎f Standard deviation of the fatigue data
𝑁 Number of data points of the fatigue curves
𝜎a,i 𝐼–th stress amplitude data point
𝜎̂a,i Estimator of the 𝑖–th stress amplitude data

point
𝑞 Number of parameters of the employed

fitting curve
𝑀 Applied bending moment on the miniatur-

ized specimen
𝑊 Bending section modulus
𝐵 Width of the miniaturized specimen mini-

mum cross section
𝐻 Height of the miniaturized specimen mini-

mum cross section

and metal quality and its strength [18]. The proper adjustment of
process parameters mitigates the risks associated with defects, enabling
the production of structurally reliable Inconel 718 components with the
desired mechanical properties. Furthermore, post-process treatments,
2

such as solubilization and double aging heat treatments, contribute
𝜎nom.,max Maximum axial stress in the miniatur-
ized plain specimen according to the beam
theory

𝜎real,max Maximum axial stress in the miniaturized
plain specimen obtained by FE analyses

𝐶mg Correction factor for the miniaturized plain
specimen geometry

𝜎w Fatigue limit
𝜎pl,fl Fatigue limit of the cylindrical as-built

series
𝜎pl,m,fl Fatigue limit of the cylindrical machined

series
𝜎mini,fl Fatigue limit of the miniaturized plain

as-built series
𝜎mini,n,fl Fatigue limit of the miniaturized notched

as-built series
𝜎pl,a Stress amplitude of the cylindrical plain

as-built series
𝜎pl,m,a Stress amplitude of the cylindrical plain

machined series
𝜎mini,a Stress amplitude of the miniaturized plain

as-built series
𝜎mini,n,a Stress amplitude of the miniaturized

notched as-built series
𝑆q Areal roughness parameter indicating the

root mean square of the heights
𝑆sk Areal Skewness parameter to describe the

symmetry of the scanned portion with
respect to the mean surface

𝑆𝑘𝑢 Areal Kurtosis parameter to describe the
sharpness of the roughness profile

𝑆p Areal roughness parameter indicating the
maximum peak height

𝑆v Areal roughness parameter indicating the
maximum valley depth

𝑆z Areal roughness parameter indicating the
sum of the maximum peak height and
maximum valley depth

𝑆a Areal roughness parameter indicating the
arithmetical mean height

𝑆 Highly stressed surface
𝑆pl Highly stressed surface of the cylindrical

specimen
𝑆mini Highly stressed surface of the miniaturized

plain specimen
𝑆mini,n Highly stressed surface of the miniaturized

notched specimen
𝑆0 Reference surface of the proposed model
𝑚 Exponent of the proposed size effect term
𝐾I Mode I stress intensity factor
𝐹 Geometric correction factor of linear elastic

fracture mechanics

significantly to enhancing the mechanical performance of AM compo-
nents, particularly for the investigated Inconel 718. These treatments
are commonly employed to refine the microstructure, elevate the high-
temperature strength, and alleviate residual stresses within the ma-
terial [12,19,20]. The solubilization treatment involves heating the
fabricated components to a specific temperature, followed by rapid
quenching, which dissolves the secondary phases and homogenizes the

microstructure. Subsequently, the double aging process induces two
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𝑎𝑟𝑒𝑎 Area of internal defects according to the
Murakami formula

𝑝 Pitch distance between two consecutive
roughness valleys

𝑎 Crack depth of fracture mechanics
readapted to valley depth in the Murakami
model

√

𝑎𝑟𝑒𝑎R Murakami roughness parameter
√

𝑎𝑟𝑒𝑎R,1 Maximum Murakami roughness parameter
of the cylindrical and as-built specimen

√

𝑎𝑟𝑒𝑎R,2 Maximum Murakami roughness parame-
ter of the miniaturized plain and as-built
specimen

√

𝑎𝑟𝑒𝑎R,3 Maximum Murakami roughness parameter
of the cylindrical and machined specimen

√

𝑎𝑟𝑒𝑎R,4 Maximum Murakami roughness parameter
of the miniaturized notched and as-built
specimen

√

𝑎𝑟𝑒𝑎crit Critical value of
√

𝑎𝑟𝑒𝑎 for the validity of
the Murakami formula

distinct aging steps to the material, and it promotes the precipitation of
fine 𝛾 ′′ and 𝛾 ′ phases. These precipitates enhance the strength and the
creep resistance of Inconel 718, contributing to its superior static and
fatigue properties [21]. Although a careful control of process parame-
ters, internal defects are inevitable. The almost complete elimination of
these defects is crucial for ensuring the reliability and performance of
critical highly-stressed components. Hot isostatic pressing (HIP) plays
a beneficial role in this regard [19,22]. HIP is a post-process treatment
that makes the fabricated components to simultaneously experience
both high temperature and high pressure, effectively closing internal
voids, thus reducing porosity and enhancing the overall density of
the material. By eliminating the internal defects, HIP significantly
improves the mechanical integrity and fatigue resistance of the AMed
Inconel 718 components, making them suitable for those demanding
applications where the presence of defects is unacceptable. However,
it is important to note that HIP entails supplementary manufacturing
costs and process times and hence should not be perceived as a remedy
for improperly tuned L-PBF process parameters. On the contrary, it
serves as a complementary step to ensure the exceptional quality of
the final components.

Considering what stated about the impact of defects on the me-
chanical behaviour, the fatigue strength of AMed components, also
made of Inconel 718, is becoming a widely diffused topic of research
in the engineering field [18,23,24]. The fatigue strength of specimens
fabricated by traditional technologies has been longly investigated as
in Refs. [25–27], and the acquired knowledge is clearly useful to face
with the fatigue design of AMed specimens. The surface roughness and
internal defects within AMed components have a significant impact
on their fatigue strength [28]. Indeed, surface roughness and internal
defects, such as pores and lack of fusion, act as stress concentrators and
thus reduce the fatigue life [29]. Furthermore, the interaction between
surface roughness and internal defects can create synergistic effects that
further deteriorate the material’s fatigue performance [30], and various
models were proposed and employed to account for these effects in
fatigue strength predictions.

In Ref. [31] it was highlighted the possibility to use critical plane
criteria, such as Fatemi–Socie (FS) and Smith Watson and Topper
(SWT), to predict the fatigue strength of AM-produced specimens under
multiaxial loadings. The role of the defects was included considering
that the constants of the criteria were calculated involving specimens
produced in the same conditions of those used as validators. In Ref. [32]
the FS multiaxial fatigue criterion was employed to assess the fatigue
3

t

strength of smooth specimens of Ti–6Al–4V produced by L-PBF and
post-processed through HIP, and it was highlighted that the calculated
FS parameter was well correlated among the investigated different
loadings such as tensile-compression, torsion, axial-torsion in phase
and out of phase. Given the recent diffusion of the modified version
of the FS multiaxial fatigue criterion proposed by Gates and Fatemi
in Ref. [33], this new criterion was employed in Refs. [34,35] to
predict the fatigue strength of AMed specimens wrought and as-built
made of 17–4 PH and Ti–6Al–4V, respectively. In addition, and as
concerns the fatigue strength of AMed notched components, the Theory
of Critical Distances is a powerful and recognized tool for fatigue
strength predictions. It can be used in its usual (uniaxial) form [36]
or combined with multiaxial fatigue criteria [37], and the values of the
critical distances can be calculated according to the classical El-Haddad
formulation [38] or by combining specimens with different notches
severity [39–41]. Some examples of the fatigue strength assessment of
AMed specimens, using this technique, were presented in Refs. [41–44].

Alternatively, given the key role of defects in the fatigue behaviour
of 3D printed parts, extensive research has been conducted in this
field, with a primary focus on integrating damage tolerant approaches
into the design of AMed components [45]. An example is provided
by fracture mechanics approaches as in Ref. [46] where the classical
Paris law was employed to calculate the number of cycles to failure
of AMed components, and the effect of the surface roughness was
modelled setting the initial crack length of the formula equal to the
maximum valley depth of the profile. In Refs. [47,48] a reformulation
of the Paris law was proposed to investigate the fatigue performance of
notched and plain specimens of Ti–6Al–4V and 17-4PH under various
loadings and after different heat treatments. A fatigue crack growth
analysis program (FASTRAN) was used, which is based on the plasticity
induced crack closure mechanism. In Ref. [49] the generalized Paris
law, proposed by Pugno et al. in Ref. [50], was employed to investigate
the fatigue behaviour of cylindrical and thin-walled specimens made
of Ti–6Al–4V under various loadings. In Ref. [51] the Modes I and
II mixed-mode small crack growth was used to predict the fatigue
strength of specimens made of Ti–6Al–4V and 17-4 PH under multiaxial
loadings.

Finally, many studies employed the well-established
√

𝑎𝑟𝑒𝑎 ap-
proach proposed by Murakami in Ref. [52]. Given that it was high-
lighted the detrimental effect given by the surface roughness, the
potential defects near the surface and their synergistic effect [34,53–
55], the term

√

𝑎𝑟𝑒𝑎 to use in the Murakami formula can be calculated
s the sum of the contribution due to the surface roughness and the
nternal defects near the surface, as highlighted in Ref. [31]. The
ffectiveness of these fatigue design tools are only established after a
obust experimental validation.

The fatigue testing of L-PBF components presents numerous chal-
enges due to their inherent directional nature and complex surface
orphologies [10,22,56]. A recent advancement by Uriati and Nico-

etto [57] introduced a novel mini-specimen geometry, which presents
wo sides, and its fatigue strength can be investigated as that of plain or
otched specimens depending on the side which experiences the tensile
tress during the test. Unlike conventional specimens, mini specimens
annot necessitate the use of supporting structures, providing a practi-
al solution to investigate the effects of different building orientations
n the fatigue performance of L-PBF components [58]. They can offer a
implified evaluation of the material response to fatigue for comparison
urposes. However, it is important to note that the sizes of mini
pecimens pose the necessity to introduce a size effect factor with
espect to the classical cylindrical plain specimen.

To provide a comprehensive understanding of the fatigue behaviour
ncluding all the issues briefly referenced in this introduction, this
aper focuses on investigating the fatigue characteristics of both con-
entional and mini-specimens of Inconel 718 produced via L-PBF and
ged. Moreover, the experimentation encompasses two surface condi-
ions, namely as-built and machined surfaces. The surfaces of the 3D
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Fig. 1. Geometries and dimensions (in mm) of specimens involved in the research: (a) tensile test specimen, (b) cylindrical plain specimen for fatigue strength assessment and
fatigue strength prediction validation, (c) miniaturized specimen for fatigue strength assessment and fatigue strength prediction validation and (d) image to highlight the different
sizes between the cylindrical and the miniaturized specimens.
printed specimens were analysed through a 3D optical profilometer
(OP), which is an efficient tool for analysing the surface profiles of
fractured and untested specimens in order to investigate the structural
properties of the materials, as shown in Refs. [24,37,59–63]. An exten-
sion of the Murakami formula [52,64], after modelling the observed
surface profiles through the sum of harmonics, was proposed for fatigue
strength predictions including the effects of surface roughness, nonzero
average stress and the different sizes of the specimens. The parameters
of the proposed formula were tuned by combining the conventional
cylindrical plain and the miniaturized plain specimens in the as-built
condition, while the cylindrical plain specimen, after machining oper-
ation by turning, and the as-built miniaturized notched specimen were
employed to validate the proposed procedure.

2. Materials and methods

2.1. Specimen manufacturing and geometries

The Inconel 718 powder, supplied by Heareus Electro-Nite Gmbh
& Co. KG (Hanau, Germany), had a chemical composition according
to the ASTM F3055 standard, and it was produced by vacuum inert
gas atomization (VIGA). The particle size distribution (PSD) ranged
from 13 μm to 53 μm. The specimens tested in the present study
were manufactured with the RenAM 500S Flex machine (Renishaw
company, Wotton-under-Edge, Great Britain), which has a maximum
laser power of 500 W. This machine is installed at the AM laboratory
of the Department of Civil and Industrial Engineering of the University
of Pisa.

The geometries of the printed specimens are reported in Fig. 1.
Three types of specimens were considered in the research:

• a specimen to perform the static tensile test, Fig. 1(a);
• a cylindrical plain, designed according to the ASTM E466 stan-

dard, and a miniaturized plain specimens, both in the as-built
condition and to calibrate the fatigue model, Fig. 1(b) and (c);

• a cylindrical plain specimen, designed according to the ASTM
E466 standard, then machined (turning) (Fig. 1(b)) and a minia-
turized notched specimen for fatigue strength predictions valida-
tions (Fig. 1(c))

The roughness symbol of Fig. 1(b), reported in brackets, indicates
the obtained roughness value 𝑅a after the machining operation by turn-
ing, while the other roughness symbol in the same sub-figure signifies
4

that the surface of the specimen did not undergo any further machining
after the printing and it is referred to the cylindrical plain specimen in
the as-built condition. The turning machining operation was performed
with the Haas TL1 CNC lathe. Since the material investigated in this
research was a nickel-based superalloy, a correct selection of the insert
to perform the machining operation by turning was necessary. A Coro-
Turn TR insert, provided by Sandvik Coromant (Sandviken, Sweden),
was employed, and its ISO nomenclature is: TR-VB1304-F H13 A. As
reported in the Sandivk manual, regarding this specific turning tool and
alloy, the cutting depth was set equal to 𝑎t = 0.3 mm, the feed rate was
set equal to 𝑓t = 0.07 mm/round and the cutting speed was set equal
to 𝑣t = 40 m/min. The use of the two roughness symbols in Fig. 1(b) is
motivated by the fact that the fatigue strength of cylindrical specimens
in the as-built condition and after machining process by turning was
investigated in this research. In Fig. 1(d) the different sizes between
the cylindrical and the miniaturized specimens are highlighted. The
miniaturized specimen can be tested both as a plain specimen or as a
notched specimen depending on the side which undergoes tensile stress,
as explained after.

The cylindrical specimens were manufactured with their axis
aligned with the building direction, and, similarly, the longest side of
the miniaturized specimens was along the building direction too. In
this way, both types of specimens experienced the unixial strain along
the additive path. The parameters employed during the 3D printing
process are listed in Table 1. These parameters are the same as those
employed for the baseline case in the previous paper [18], and they
were found to avoid almost completely the presence of lack of fusion,
internal pores and keyhole defects. The reported parameters, which are
significant for the process, are: the laser power 𝑃 , the scan velocity 𝑣,
the hatch distance ℎ, the layer thickness 𝑡, the meltpool aspect ratio
𝐴r, which is defined as the ratio between the length 𝑙 and the diameter
2𝑟 of the meltpool (𝐴r = 𝑙∕2𝑟). The values of 𝑙 and 2𝑟 were calculated
in agreement with what presented in Refs. [17,18]. Other significant
parameters reported in Table 1 are the energy density

(

𝐸d
)

, defined
as 𝐸d = 𝑃∕𝑡ℎ𝑣, and the L-PBF build rate

(

𝐵r
)

, which was computed
as 𝐵r = 𝑡ℎ𝑣. For the hatching area, a stripe scanning approach was
performed, and a layer rotation of 67◦ was imposed for each layer
in order to minimize the process-induced residual stresses. On the
contrary, the outer region was printed with 3 paths parallel to the outer
border and performed in the same direction. The details of this printing
strategy are reported in Fig. 2 for both the two specimen geometries
(Fig. 1(b) and (c)). All specimens were printed in a single batch, with
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Fig. 2. Stripe and contour imposed paths for the cylindrical (a) and miniaturized (b) specimens.
Table 1
Parameters used in the L-PBF process.
𝑃 𝑣 ℎ 𝑡 𝐴r 𝐸d 𝐵r
(W) (m/s) μm μm – (J/mm3) (mm3/s)

280 0.9 90 60 5 57.6 4.9

the build plate heated at 170 degrees Celsius to minimize residual
stresses. The process chamber was filled with Argon gas, ensuring an
Oxygen concentration of less than 7 parts per million by weight, thus
preventing oxidation. Upon removal from the printing plate, no visible
distortion was observed in any of the specimens.

Right after, the specimens underwent an aging heat treatment pro-
cess, which, as clearly shown in Ref. [18], provided a considerable
increase of hardness with respect to the not aged specimens. The aging
treatment involved a Nabertherm LH/120 furnace equipped with a
protective gas enclosure that again was consistently purged with Argon
gas to prevent oxidation. Additionally, the furnace was equipped with a
controlled cooling system to impose any heat treatment. The heat treat-
ment, consistent with AMS 5663 standard and Ref. [20], was applied to
all the specimens and it was composed of two phases: the solutioning
phase and the double aging phase. In the first phase the specimens were
maintained at a temperature of 980 ◦C for 1 h, then they underwent
a forced furnace cooling until 50 ◦C, whereas in the second phase a
new heating up to 720 ◦C for 8 h was applied, followed by a furnace
cooling with a decreasing rate of 55 ◦C/h until 620 ◦C and a final
8 h/air cooling. In this research, all the specimens were heat treated
in an unique batch right after the printing phase. In Refs. [65,66],
the surface residual stresses were measured for specimens made of
Inconel 718, obtained by L-PBF, even with similar printing parameters
and same aging treatment employed in this research, and almost null
values were obtained. According to this latter consideration, in this
research the influence of the residual stresses on the fatigue behaviour
was considered negligible. The machined specimens were turned after
the heat treatment. In Fig. 3 the obtained specimens through the L-
PBF technique are reported: Fig. 3(a) presents the specimens obtained
immediately after the printing, while Fig. 3(b) shows the specimens
within the furnace for the aging treatment. As shown in Fig. 3, the
placement of the samples was consistent with the goal of minimizing
sample distortions during heat treatment, and, as a consequence of the
applied heat treatment, no process-induced residual stresses are present
in the tested specimens.

2.2. Mechanical tests

Different tests were performed to characterize the mechanical be-
haviour of the material, in particular tensile testing, fatigue testing and
hardness testing were carried out. The tensile test was conducted at
5

Table 2
Static mechanical properties of the aged Inconel 718.

𝜇t 𝜎t∕𝜇t

𝑆Y (MPa) 1085 1%
𝑆U (MPa) 1340 1%
𝜀f (%) 16 10%
𝐸 (GPa) 155 3%

room temperature and by means of an MTS servohydraulic machine
with a maximum load capacity of 50 kN, equipped with an extensome-
ter having a gauge length of 10 mm. The test was performed on the
specimen shown in Fig. 1(a) with an initial strain rate of 1 × 10−4 s−1.
The mean values 𝜇t of the static mechanical properties, extracted from
the tensile testing, together with the corresponding ratio between the
standard deviation 𝜎t and the mean value are reported in Table 2.

Fatigue tests of cylindrical specimens presented in Fig. 1(b) (both
as-built and machined) were conducted at room temperature using an
axial loading configuration on a RUMUL Mikrotron resonant testing
machine, and the imposed load ratio was 𝑅 = 0. The test frequency
was monitored to identify the onset of macroscopic crack propagation,
by observing the resulting decrease in specimen stiffness, and it was of
the order of 100 Hz. The tested cylindrical specimen featured a uniform
diameter along the gauge length, as shown in Fig. 1(b). This design
allowed for a large area exposed to consistent high stress.

The fatigue tests on the miniaturized specimens were performed
on the Mini FP2 machine [57], which is presented in Fig. 4(a) while
performing fatigue tests at the Department of Engineering and Archi-
tecture of the University of Parma. More details about the various
components of the MiniFP2 machine can be found in Ref. [67]. Given
that this kind of specimen has a plain and a notched sides (Fig. 1(c)), in
this research both sides were tested and investigated. As qualitatively
explained in Fig. 4(b) and (c), the employed machine has an oscillating
grip at one end which allows to rotate one extremity of the specimens
providing a bending moment, whereas the opposite grip maintained the
specimens fixed to the frame. The fatigue tests were performed at room
temperature with a load ratio 𝑅 = 0 and at a frequency of the order of
25 Hz.

𝜎a = 𝑘𝑁𝑏
f (1)

𝜎f =

√

√

√

√

∑𝑁
𝑖=1

(

𝜎a,𝑖 − 𝜎̂a,𝑖
)2

𝑁 − 𝑞
(2)

The relationship between the cyclic bending moment and the ampli-
tude stress 𝜎a generating the fatigue stress loading, in the miniaturized
specimens, was accurately considered in this study. The nominal max-
imum stress can be found by means of the beam equation: 𝜎nom.,max =
6𝑀∕𝑊 , where 𝑀 is the applied bending moment monitored by the test



International Journal of Fatigue 181 (2024) 108120G. Macoretta et al.
Fig. 3. Specimens produced by the L-PBF technique: (a) after the 3D printing, (b) inside the furnace ready for the aging treatment.
machine load cell, and 𝑊 is the bending section modulus computed as
𝑊 = 𝐵𝐻2∕6, where 𝐵 and 𝐻 are the width and height of the minia-
turized specimen minimum cross-section (nominally, 𝐵 = 𝐻 = 5 mm).
In the unsymmetrical minimum cross-section of the miniaturized speci-
men, the stress distribution deviates from the Navier linear distribution.
Finite element (FE) analyses, performed on AnsysWorkbench software,
were used to determine the elastic stress distribution under bending.
After comparing the maximum stress 𝜎real,max of the plain side to
the corresponding nominal stress value 𝜎nom.,max, it was evident that
𝜎real,max is 9% lower than 𝜎nom.,max. To account for this deviation, a
correction factor for the miniaturized plain specimen geometry 𝐶mg was
introduced, which was obtained as 𝐶mg = 𝜎real,max∕𝜎nom.,max = 0.91, and
this factor was applied to 𝜎nom.,max, calculated analytically as 𝑀∕𝑊 .
The obtained value of 𝜎real,max was then used to calculate the amplitude
stress representative of the fatigue strength of the miniaturized plain
specimen. A similar approach was applied to the notched side of the
miniaturized specimen. The bending moment leading to failure was
monitored by the machine load cell, and the obtained value was then
introduced as input for the FE analyses, to investigate the correspond-
ing amplitude stress at the notch root. The maximum value of this
stress, obtained by FE analyses in the notch region, was considered as
the fatigue strength of the miniaturized notched side.

The S-N curves of the cylindrical and the miniaturized specimens
are reported in Fig. 5 where the solid lines indicate the curves at
50% probability of failure, while the dashed lines represent the curves
at either 90% or 10% of probability of failure. The curves at 50%
probability of failure were calculated with a least squares fit of the
Basquin law (Eq. (1)) on the experimental data, where 𝜎a indicates the
stress amplitude, 𝑘 and 𝑏 are the Basquin parameters and 𝑁f indicates
the number of cycles to failure. The values of the standard deviations
𝜎f for the fatigue tests were calculated according to Eq. (2). In this
latter equation 𝜎a,i is the 𝑖–th stress amplitude data point, 𝜎̂a,i is the
estimator, 𝑁 is the number of data points included in the fit and 𝑞
is the number of parameters to characterize the used fitting curve,
which is 2 for the Basquin law. Given that the number of cycles of the
miniaturized specimens fatigue data of did not overcome 2 × 106 cycles,
as shown in Fig. 5, a unique fatigue limit was just fixed at 2 × 106

cycles. The values of the fatigue strength amplitude at this number
of cycles (50% of probability of failure) for the as-built cylindrical,
the machined cylindrical, the miniaturized plain and the miniaturized
notched specimens are reported in Table 3. The estimated numerical
values of the parameters of the Basquin law, the standard deviation and
𝑇σ for each kind of specimens are also reported in Table 3. The 𝑇σ was
defined as the ratio between the values of the fatigue limit, obtained
from this fitting procedure, at 90% of probability of failure and at 10%
of probability of failure.

Vickers hardness tests were also conducted for the additively man-
ufactured specimens. The hardness test was performed with an AFFRI
hardness tester, applying a load of 10 kg for a duration of 10 s. To en-
sure accuracy, the measurements were taken at a distance of at least 2.5
and 3 times the diagonal length of the indentation from both the spec-
imen contour and any adjacent measurement. These testing practices
6

complied with the ISO 6507 standard, and a value of approximately
𝐻V = 457 HV was obtained at the end of the measures. This latter value
is coherent with that obtained in the previous research [18].

2.3. Microstructural analysis

Metallographic analyses were conducted to examine the microstruc-
ture obtained after the AM and the aging processes. The specimens were
prepared according to the ASTM E3-11 standard and were subjected to
etching using Kalling’s II (n.94, ASTM E407). In order to investigate the
specimen porosity, optical microscope (OM) observations were taken
along the specimen longitudinal direction, which are shown in Fig. 6. In
Fig. 6(a) and (b) a typical view of the microstructures of cylindrical and
miniaturized specimens, respectively, are reported in correspondence
of the external surface. Few pores were observed at a distance from
the external surface, and their circular shape suggests that they were
originated from entrapped gas bubbles.

In Fig. 6(a) and (b), it is possible to observe the typical grains shape
of specimens produced by L-PBF. Within the outer 10 μm, the thermal
gradient perpendicular to the surface generated a fine-grained dendritic
microstructure. The grains are elongated along the building direction
and the mean aspect ratio, defined as the ratio between the longitudinal
and transverse grain dimensions, was found to be 𝐴r,g = 0.25. The
same grain orientation and dimensions were found in the cylindrical
and in the miniaturized specimens. The bulk material solidification
was governed by the thermal gradient directed as the L-PBF build
direction, for both specimens. In Fig. 6(c) it is possible to observe
the microstructure of the bulk zone of the miniaturized specimen. The
grains are still stretched along the building direction and the aspect
ratio is still almost 𝐴r,g = 0.25. These characteristics confirm the
homogeneity of the specimens between the zone in correspondence of
the external surface and the bulk zone. The calculated mean values of
the aspect ratio and the orientation of the grains were coherent with the
corresponding results obtained in Refs. [68,69]. In these latter papers,
in fact, the samples were produced by L-PBF with similar parameters
as those of this research, and after they underwent an equivalent aging
treatment.

2.4. Fractographic analyses

Fractographic analyses were carried out by scanning electron mi-
croscopy (SEM) on specimens after fatigue failure, and some of the
obtained results are reported in Fig. 7. They show that the crack initia-
tion occurred typically in correspondence of a surface roughness valley
as shown in Fig. 7(a) for an as-built cylindrical specimen; sometimes the
crack initiation was still found in correspondence of a roughness valley,
but this was probably due to combinations between defects and surface
roughness as shown in Fig. 7(b) and (c), for a machined cylindrical and
a miniaturized plain specimens, respectively.

In Fig. 7(c) it is highlighted the typical crack initiation of the
miniaturized plain specimen, which was found at a roughness valley in
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Fig. 4. (a) Image of the Mini FP2 machine while performing fatigue tests and schematic illustrations about the working principle of the Mini FP2 machine: (b) test of the plain
side and (c) test of the notched side.
Fig. 5. (a) S-N curves of the cylindrical plain (as-built and machined) and (b) the miniaturized plain and notched (as-built) specimens.
Table 3
Principal numerical values obtained from the fitting operation on the experimental fatigue data.

Specimen type Fitted Basquin law Exp. Fatigue limit,
2 × 106 cycles (MPa)

𝜎f (MPa) 𝑇𝜎

Cylindrical as-built 𝑘 = 5200 MPa, 𝑏 = −0.253 132 10.3 1.22
Cylindrical machined 𝑘 = 1540 MPa, 𝑏 = −0.139 205 19.6 1.28
Miniaturized plain as-built 𝑘 = 1880 MPa, 𝑏 = −0.156 196 20.9 1.32
Miniaturized notched as-built 𝑘 = 3090 MPa, 𝑏 = −0.187 204 45.8 1.81
Fig. 6. Microstructure analyses after the aging treatment of the specimens: (a) external surface observation of an as-built cylindrical specimen, (b) external surface observation of
a miniaturized specimen, (c) bulk observation of an as-built miniaturized specimen.
7
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Fig. 7. SEM fractography images of as-built cylindrical specimen (a), machined cylindrical specimen (b), miniaturized plain specimen (c) and miniaturized notched specimen (d).
correspondence of the edge between the surface referred to the plain
side and the two lateral surfaces. In the same sub-figure it is also
shown the presence of a fillet radius in correspondence of the crack
initiation zone. In Fig. 7(d) the fractographic analysis of a miniaturized
notched specimen is presented, and the crack initiation was typically
prone to initiate at a roughness valley near the centre of the section.
In all the cases the crack propagation was found to be approximately
perpendicular to the loading direction as typical for Mode I fracture
behaviour.

2.5. Determination of the highly stressed surface

The highly stressed surface (HSS) was determined by FE simulations
of the cylindrical and the miniaturized specimens. The HSS was defined
as the area approximately exposed to an axial stress equal or higher
than the 90% of a reference axial peak stress. In the cylindrical speci-
men the stress was determined by the application of an axial load, and
the corresponding HSS is indicated in red in Fig. 8.

In the miniaturized specimens a bending moment was applied, and
this was coherent with the loading experienced during the fatigue tests.
8

For the miniaturized plain specimen the results of the FE simulations
to obtain the value of the HSS are presented in Fig. 9. Firstly, a
global model, realized exploiting the two geometric symmetries of the
specimen, was realized, then the local stress in the area of interest
was better analysed with the submodelling technique. For this kind of
specimen, considering what found out with the fractographic images
(Fig. 7(c)), the reference value of the peak stress was taken at the
intersection between the fillet radius, which was included in the FE
simulations to provide better accuracy, and the surface referred to the
plain part of the specimen (Point A, Fig. 9). To calculate the value of
the HSS, we considered that, as reported in Fig. 9 by a 2D map of the
scanned surface, a high value of the surface roughness was found within
an extension of approximately 0.5 mm starting from the intersection
between the surface referred to the plain part and the fillet radius.
Finally, the value of the HSS was calculated by combining the area
where the stress was included in the range given by the reference
peak stress and the corresponding value at 90% with the area of a
rectangle, taken on the surface referred to the plain part, whose one
dimension was equal to 0.5 mm and the other dimension was found to
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Fig. 8. Highly stressed surface of the cylindrical plain specimen.

include in the rectangle the points experiencing an axial stress equal or
higher than the 90% of the reference peak stress. The results of the FE
simulations to obtain the HSS of the miniaturized notched specimens
are presented in Fig. 10. As done for the miniaturized plain specimen a
first global model exploiting the geometric symmetries of the specimen
was realized, then the local stress near the centre of the notched
zone was investigated by the submodelling technique and finally the
numerical value of the HSS was calculated. In this case, the reference
value of the peak stress was taken as the maximum value of the axial
stress obtained with the simulations.

The percentage of the reference peak stress (90%) for the HSS was
established to include the usual crack initiation point of the miniatur-
ized notched specimen, which was found not exactly at the central
point of the notch along the axial direction. If the percentage of the
reference peak stress had been fixed at 95% or at 99%, the crack initi-
ation point of the miniaturized notched specimen would not have been
included in the HSS, thus resulting in a not physical implementation of
the criterion. The obtained values of the HSS for the cylindrical plain,
for the miniaturized plain and for the miniaturized notched specimens
were: 𝑆pl = 469 mm2, 𝑆mini = 5.50 mm2 and 𝑆mini,n = 3.30 mm2,
respectively.

2.6. Optical profilometer observations

The surface roughness was analysed through the optical profilome-
ter (OP) Taylor Hobson CCI MP-L, which is based on the coherence
correlation interferometry. This latter consists of a light source divided
into two paths, and among them one moves to a reference surface and
the other moves to the test surface. The two reflected rays of light
combine in correspondence of a camera detector where their inter-
ference fringes reproduce the surface topography. For all the kinds of
specimens, i.e. cylindrical as-built, cylindrical machined, miniaturized
plain and miniaturized notched, several specimens were scanned in
correspondence of the HSS presented in paragraph 2.5.

The surface roughness was investigated in the central part of the
cylindrical specimen, which corresponded to the HSS, Fig. 11. The
observations of the cylindrical as-built specimens were carried out
varying the 𝜃 angle, indicated in Fig. 11, from 0◦ to 360◦ with steps
of 45◦.

On the other hand, the miniaturized plain specimens were analysed
within the HSS and in particular in correspondence of the edge between
the surface referred to the plain side and the lateral surfaces given that
the crack initiation was observed in this zone, as shown in Fig. 7(c). An
image of the profilometer while performing the surface profiles acquisi-
tions, of the miniaturized plain specimen, is reported in Fig. 12(a) and
a typical observation of the miniaturized plain specimen is reported in
Fig. 12(b).

The machined cylindrical specimens were also investigated within
the corresponding HSS, which is the same as that of the cylindrical as-
built specimens. For this latter specimen the scans were not conducted
9

Table 4
Numerical values of 𝑆q, 𝑆sk, 𝑆ku, 𝑆p, 𝑆v, 𝑆z and 𝑆a for some of the four kinds of
specimen and calculated according to ISO 25178.

Specimen type 𝑆q 𝑆sk 𝑆ku 𝑆p 𝑆v 𝑆z 𝑆a
(μm) (μm) (μm) (μm) (μm)

Cylindrical as-built 1 12.3 0.0576 2.12 43.2 29.3 72.5 10.4
Cylindrical as-built 2 11 0.136 2.39 38.4 32.9 71.3 9.34
Cylindrical as-built 3 6.91 0.954 5.82 56.4 19.3 75.7 5.27
Cylindrical as-built 4 7.88 0.292 4.68 41.2 36.8 78.0 6.10
Miniaturized plain as-built 1 9.19 0.426 3.37 52.7 28.0 80.7 7.33
Miniaturized plain as-built 2 10.9 1.27 6.73 63.8 31.3 95.1 8.06
Miniaturized plain as-built 3 8.51 −0.178 5.22 37.5 48.6 86.1 6.32
Miniaturized plain as-built 4 7.18 0.509 4.11 50.5 30.2 80.7 5.60
Cylindrical machined 0.569 −0.126 2.71 5.78 2.43 8.21 0.463
Miniaturized notched as-built 8.69 0.943 4.70 47.9 29.4 77.3 6.30

varying the 𝜃 angle, as for the as-built ones, because a uniform surface
roughness varying with the 𝜃 angle was expected due to the machining
operation by turning. The typical scan of the machined cylindrical
specimen is reported in Fig. 13.

Finally, the surface roughness of the miniaturized notched speci-
mens was analysed as shown in Fig. 14. The metallographic analysis
of Fig. 14(a) shows that typically a more severe roughness condition
was found in the upskin zone of the miniaturized notched specimen
and not in correspondence of the exact centre. This latter justifies why
the crack did not initiate exactly at the centre of the notch, and it also
justifies why the observations carried out with the OP (Fig. 14(b)) were
mostly focused on this zone for this kind of specimen. In Fig. 14(c) a
typical surface acquisition of a failed miniaturized plain specimen is
also reported, and an evident crack initiation at a roughness valley is
shown.

The surface profiles obtained from the 3D optical profilometer were
not filtered to separate the waviness from the surface roughness. As
shown in Figs. 11, 12, 13 and 14, the sampling length was lower than
2.5 mm, thus the waviness was not even included in the acquisitions
according to ISO 4288. The only employed data manipulation was a
second-order polynomial form that was necessary to remove the effects
of the curvature in the cylindrical specimens. Several areal parameters,
such as 𝑆q, 𝑆sk, 𝑆ku, 𝑆p, 𝑆v, 𝑆z and 𝑆a, were calculated from the
3D scans according to ISO 25178. 𝑆q indicates the root mean square
of the heights of the selected area, 𝑆sk is the skewness parameter to
describe the symmetry of the scanned portion with respect to the mean
surface, 𝑆ku is the Kurtosis parameter to describe the sharpness of the
roughness profile, 𝑆p indicates the maximum peak height, 𝑆v indicates
the maximum valley depth, 𝑆z indicates the sum of the maximum peak
height and the maximum valley depth and finally 𝑆a indicates the
arithmetic mean of heights of selected area. These parameters of some
of the investigated specimens are reported in Table 4. It is important to
highlight that the attached powder particles might influence the rough-
ness parameter. However, as highlighted in Ref. [46], the attached
powder particles have no considerable impact on the stress.

3. Fatigue strength prediction

3.1. Murakami model for the surface roughness

The fractographic analyses presented in Fig. 7 show that the crack
initiation occurred in correspondence of a surface roughness valley,
and combinations between defects and surface roughness can also be
responsible for fatigue failure, as shown in Fig. 7(b) and (c) for a
machined cylindrical and a miniaturized plain specimens, respectively.
Fig. 14(c) also shows that the crack initiation was more prone to start
in correspondence of a roughness valley.

The original expression developed by Murakami [52], proposed for
symmetric reversal loading (𝑅 = −1), is reported in Eq. (3) to model the
role of the defects on the fatigue limit. In this equation the factor 1.43 is
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Fig. 9. Highly stressed surface of the miniaturized plain specimen.
Fig. 10. Highly stressed surface of the miniaturized notched specimen.
used when the fatigue strength is mostly influenced by surface defects,
and 𝐻V indicates the Vickers hardness. As explained in Ref. [64], there
could be two other different equation factors rather than 1.43: the
factor 1.41 is generally used for defects tangent to the surface, while
the factor 1.56 is used for the presence of internal defects. However,
the loadings were asymmetric in this research, thus it was necessary
to add a corrective factor to the Murakami expression just to account
for the mean stress effect. Considering that only tensile loadings were
investigated, a corrective factor inspired by the SWT fatigue crite-
rion [18,37,70] was employed, and it is introduced together with the
modified Murakami expression in Eq. (4).

In Ref. [52], Murakami also investigated the effects of surface
roughness on the fatigue limit, stating that it is governed by the
threshold of a non propagating crack located at a valley for specimens
in which the surface roughness is more critical than the internal defects.
Considering the linear elastic fracture mechanics (LEFM) for a crack in
an infinite solid, which is under remote tensile stress perpendicularly
oriented with respect to the crack length, the mode I stress intensity
factor can be obtained with Eq. (5). In this latter equation, 𝐹 is the
geometric correction factor. In order to consider the effect of inclusions
on fatigue strength, in Ref [64]. Murakami proposed a relationship
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between the mode I stress intensity factor and the area of the defects,
which is presented in Eq. (6), where the multiplicative coefficients 0.65
is valid for the surface defects. By combining Eqs. (5) and (6), Eq. (7)
was obtained, which is a relationship between the term

√

𝑎𝑟𝑒𝑎 and the
geometric correction factor 𝐹 . In Ref [71]. Murakami investigated the
trend of the geometric correction factor 𝐹 for periodic surface cracks
in a semi-infinite body depending on the depth 𝑎 (with respect to the
external surface) and on the pitch 𝑝 of the cracks. The obtained rela-
tionship between the geometric factor 𝐹 and 𝑎 and 𝑝 was substituted
in Eq. (7), thus obtaining Eq. (8). By modelling the surface profile as
a periodic sequence of cracks, Eq. (8) can then be applied to obtain
an equivalence between the term

√

𝑎𝑟𝑒𝑎R and the surface roughness.
In Eq. (8) it is highlighted the effect on the fatigue strength of both
the pitch distance 𝑝, between two consecutive roughness valleys, and
the depth 𝑎. However, the influence of the valley depth is no longer
effective when the ratio between the depth 𝑎 and the pitch 𝑝 becomes
higher than a certain value.

𝜎w =
1.43

(

𝐻V + 120
)

(

√

𝑎𝑟𝑒𝑎
)1∕6

(3)
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Fig. 11. Surface acquisitions of an as-built cylindrical specimen.
Fig. 12. (a) Profilometer while performing surface scans and (b) surface profiles analyses of a miniaturized plain specimen.
𝜎w, 𝑅 ≠ −1 = 𝜎w, 𝑅 = −1

(

1−𝑅
2

)1∕2

𝜎w, 𝑅 ≠ −1 =
1.43(𝐻V+120)
(

√

𝑎𝑟𝑒𝑎
)1∕6

(

1−𝑅
2

)1∕2
(4)

𝛥𝐾I = 𝐹𝛥𝜎
√

𝜋𝑎 (5)

𝛥𝐾I = 0.65𝛥𝜎
√

𝜋
√

𝑎𝑟𝑒𝑎 (6)

√
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( 𝐹
0.65
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√
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⎪
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(
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)
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(
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𝑝

)2
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(

𝑎
𝑝

)3
)

if 𝑎
𝑝 < 0.195

0.38𝑝 if 0.195 < 𝑎
𝑝 < 3

(8)
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3.2. Analytical reproduction of the surface profile

When an irregular surface profile is analysed, the definition of the
two quantities 𝑎 and 𝑝 to use in Eq. (8) is not straightforward. For
example, in Ref. [46] a roughness profiler was employed to obtain the
main roughness parameters, then the value of 𝑎 was set equal to 𝑅v,
which is the maximum valley depth according to ISO 4288. In this
study, given the intrinsic irregularity of the surface morphology, the
profiles of the investigated specimens were approximated by the sum
harmonics, which were extracted by means of the fast Fourier transform
(FFT). After this, the values of 𝑝 were calculated as the distance of two
consecutive valleys, while 𝑎 was obtained as the highest difference of
height between a peak and the two adjacent valleys.

Different scans were taken on the as-built cylindrical specimens in
the HSS, by varying the angle 𝜃 as presented in Fig. 11. For each
orientation some profiles were selected trying to avoid including the
attached powder particles, which could result as undesired peaks of
the surface profiles, and then the corresponding values of 𝑎 and 𝑝 were
calculated to be used in the Murakami formula. The surfaces of the
miniaturized plain specimens were scanned next to the edges between
the upper surface, referred to the plain part of the specimen, and the
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Fig. 13. Surface acquisition of a machined cylindrical specimen.

two lateral surfaces as shown in Fig. 12(a). The profiles considered
relevant for the fatigue analyses were that in correspondence of the
edge because, as shown in the fractographic analyses of Fig. 7(c),
the crack initiation was typically located there. Some profiles to be
modelled with the FFT were also extracted from the highly stressed
surfaces of the cylindrical machined and of the miniaturized notched
specimens. In Figs. 15, 16, 17 and 18 some examples of the raw data
with the modelled profiles, obtained through the FFT, are presented
for the cylindrical as-built, the miniaturized plain, the cylindrical ma-
chined and the miniaturized notched specimens, respectively. It is
important to highlight that, from the scanned surfaces, the analysed
profiles were extracted in the plane 𝑥 − 𝑧 given that the external
load was aligned with 𝑥 direction. This latter was coherent with what
stated by Murakami [64]. For the miniaturized notched specimen, as
shown in Figs. 14 and 18(a), the scanned surface was typically not
horizontal given that the investigated surface was near the upskin
region characterized by a worse surface roughness. Because of this and
for the sake of simplicity, the selected profiles were rotated with respect
to the 𝑦 axis, as indicated in Fig. 18(b), in order to reach a horizontal
configuration. In Fig. 16(b) a graphical explanation of the meaning of
𝑎 and 𝑝 is provided.

The number of harmonics to correctly reproduce the experimental
profiles was chosen as a trade-off between the aim to exhaustively
reproduce the raw data and to avoid the presence of a high num-
ber of harmonics, which could generate undesired and not physically
meaningful oscillations. For the as-built specimens, the values of the
maximum frequencies, included in the set of harmonics considered
for the modelling of the surface profiles, were very similar. For the
machined specimens, the value of the maximum frequency, of the set of
harmonics considered for the modelling of the profile, was higher than
the corresponding of the as-built specimens as shown in Fig. 17(b). This
latter because lower values of the pitch were generated by the turning
machining. Once the modelled profiles were obtained, their peaks and
valleys positions were found, and they are marked by red and black
points in Figs. 15(b), 16(b), 17(b) and 18(b), respectively.

3.3. Proposed model for fatigue strength predictions

Once the profiles were approximated by the sum of harmonics, the
values of 𝑎 and 𝑝 were obtained for each analysed scan of the cylindrical
and the miniaturized specimens. It is important to remark that 𝑎 was
calculated as the highest difference of the 𝑧 coordinates between a red
point and the two adjacent black points in Figs. 15(b), 16(b), 17(b) and
18(b). The corresponding value of 𝑝 was determined as the difference of
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the 𝑥 coordinates of the two black points employed during the determi-
nation of 𝑎. This approach was required to be clearly defined, provided
that the obtained (as-built) surface roughness resulted irregular to some
extent, rather than the machining surface roughness (such as obtained
as turning) which is more periodic. The obtained couples of 𝑎 and 𝑝
were then employed in the Eq. (8) to calculate the values of

√

𝑎𝑟𝑒𝑎R.
Among all the performed surface roughness measurements, the values
of 𝑎 and 𝑝 which resulted in the highest value of

√

𝑎𝑟𝑒𝑎R were identified
for the cylindrical and the miniaturized specimens.

The obtained quantities were: √

𝑎𝑟𝑒𝑎R, 1 = 116 µm, √

𝑎𝑟𝑒𝑎R, 2 =
105 µm, √

𝑎𝑟𝑒𝑎R, 3 = 6.75 µm, and √

𝑎𝑟𝑒𝑎R,4 = 66 µm for the as-
built cylindrical, the miniaturized plain, the machined cylindrical and
the miniaturized notched specimens, respectively. It is important to
highlight that the as-built cylindrical and the miniaturized plain spec-
imens reported almost the same values of

√

𝑎𝑟𝑒𝑎R. Given the inherent
irregularity of the as-built roughness, and considering that the investi-
gated surface through the OP represented a small portion of the highly
stressed surface, the killer defect could be located away from this
zone. In addition to this, the surface roughness could not be the only
responsible for the fatigue initiation, while on the contrary a combined
effect of surface roughness and sporadic defects located near the surface
can be the most critical condition in terms of fatigue resistance. A
significant point to investigate was that the cylindrical specimen, with
an usual size for a laboratory specimen, and the miniaturized specimen
would present the same fatigue strength, just according the Murakami
model, since they feature very similar value of

√

𝑎𝑟𝑒𝑎R, and obviously
same roughness too. However, the different sizes between the two
specimens influenced their fatigue strength properties. In Fig. 5 it is
highlighted that the values of the fatigue limits of the cylindrical as-
built and the miniaturized specimens are noticeably different. The
higher fatigue strength of the smaller specimen is well in agreement
with the size effect, since the probability to find a killer defect becomes
lower. Thus, the approach proposed by the authors in this study, is to
reformulate the Murakami model as reported in Eq. (9), including the
size of the HSS.

𝜎w =
1.43

(

𝐻V + 120
)

(

√

𝑎𝑟𝑒𝑎R

)1∕6

( 1 − 𝑅
2

)1∕2 (𝑆0
𝑆

)𝑚
(9)

In Eq. (9) 𝜎w is the predicted value of the fatigue limit, which is the
result of the combination of various terms:

• 1.43 is the usual multiplicative coefficient for surface defects,
• (

𝐻V + 120
)

is the usual hardness term,
• √

𝑎𝑟𝑒𝑎R includes the effects of surface roughness according to
Eq. (8),

• ((1 − 𝑅) ∕2)1∕2 introduces the effect of a nonzero value of the
average stress,

• (

𝑆0∕𝑆
)𝑚 accounts for the size effects.

In this latter equation, 𝑆 corresponds to the HSS, and the term
(

𝑆0∕𝑆
)𝑚 recalls the well-known highly stressed volume (HSV) model

proposed by Kuguel in Ref. [72], in which the volumes were replaced
with surfaces as discussed below. After its initial proposal by Kuguel,
the HSV model was validated for smooth specimens by Khöler in
Ref. [73] and it was extended to notched specimens by Böhm in
Ref. [74]. Nowadays, this modelling approach is an efficient and recog-
nized tool for fatigue strength predictions accounting for the size effect
as clearly highlighted in several recent papers, such as Refs. [75–81].
Replacing the volume with the surface in Eq. (9) was motivated by
the fact that the fatigue initiation was mostly observed at the surfaces,
as confirmed by the fractographic analyses presented in Fig. 7. The
term

(

𝑆0∕𝑆
)𝑚 was introduced to consider the different values of the

HSS between the miniaturized specimens and the typical size of the
cylindrical specimens, which implies a different probability of finding
a killer defect. The added term also aims to consider the fact that the
scanned region corresponds to a small portion of the HSS. According
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Fig. 14. (a) Typical metallographic analysis of miniaturized notched specimens, (b) scan of a miniaturized notched specimen near the crack initiation point, (c) scan of a failed
miniaturized plain specimen.
Fig. 15. (a) Surface observation of a cylindrical as-built specimen obtained with the OP and (b) selected profile with the corresponding modelling with different number of
harmonics.
Fig. 16. (a) Surface observation of a miniaturized plain as-built specimen obtained with the OP and (b) selected profile with the corresponding modelling with different number
of harmonics.
to this, the critical roughness value for the fatigue strength could be
found located away from the scanned region, however, still within
the HSS. Despite the absence of evident lacks of fusion or keyhole
defects, as shown in Fig. 6, there is a residual possible synergistic
combination between the surface roughness and the internal sporadic
porosity, which is obviously probabilistic, and then dependent on the
size. In order to calibrate the model, the parameters to be found were
13
𝑆0 and 𝑚, and they were determined by combining the strengths of
the cylindrical and the miniaturized plain specimens, both in the as-
built surface condition and at the fatigue limit (2 × 106 cycles). The
system of equations reported in Eq. (10) was then solved to calculate
the values of 𝑆0 and 𝑚. According to Eq. (10), the parameter 𝑆0 can
be interpreted as a reference surface to make the introduced corrective
term dimensionless, while 𝑚 is just the common exponent of the HSV
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Fig. 17. (a) Surface observation of a cylindrical machined specimen obtained with the OP and (b) selected profile with the corresponding modelling with different number of
harmonics.
Fig. 18. (a) Surface observation of a miniaturized notched specimen obtained with the OP and (b) selected profile with the corresponding modelling with different number of
harmonics.
model. The quantities 𝜎pl, fl and 𝜎mini, fl in Eqs. (10) correspond to the
experimental fatigue limits of the cylindrical as-built and the miniatur-
ized plain specimens, which were extracted from the fitting procedure
presented in Fig. 5 at 2 × 106 cycles, thus all the quantities in Eqs. (10)
are experimentally known, and then 𝑆0 and 𝑚 can be finally extracted.

𝜎pl, fl =
1.43

(

𝐻V + 120
)

(

√

𝑎𝑟𝑒𝑎R,1

)1∕6

( 1 − 𝑅
2

)1∕2 ( 𝑆0
𝑆pl

)𝑚

𝜎mini, fl =
1.43

(

𝐻V + 120
)

(

√

𝑎𝑟𝑒𝑎R,2

)1∕6

( 1 − 𝑅
2

)1∕2 ( 𝑆0
𝑆mini

)𝑚
(10)

The obtained values of 𝑆0 and 𝑚 are: 𝑆0 = 0.105 mm2 and 𝑚 =
0.079 as reported in Table 5. At this point the machined cylindrical
after turning machining and the miniaturized notched specimens were
considered for a validation. By substituting the values of √

𝑎𝑟𝑒𝑎R,3
and √

𝑎𝑟𝑒𝑎R,4 in Eq. (9), the predicted values of the fatigue limit for
the machined cylindrical specimen and for the miniaturized notched
specimen were: 𝜎pred,pl,m = 213 MPa and 𝜎pred,mini,n = 221 MPa while
the corresponding experimental values, from the S-N curve in Fig. 5,
were equal to 𝜎pl,m,fl = 205 MPa and 𝜎mini,n,fl = 204 MPa, respectively.
The prediction errors are quite low, as shown in Table 5.

The cylindrical and the miniaturized specimens fatigue strengths,
and the corresponding (equivalent) defect sizes were presented on a
Kitagawa–Takahashi diagram [82,83], Fig. 19. In this latter, the oblique
lines indicate those according to Eq. (9) for the cylindrical and the
miniaturized specimens, i.e. the 1/6 slope in log–log coordinates, while
the horizontal dashed lines are the ideal values of the fatigue limit for
14
the various specimens if perfectly smooth. In Fig. 19 the experimental
values of the fatigue limit of the machined cylindrical specimen and of
the miniaturized notched specimen are also reported together with the
corresponding error bars, which correspond to 10% and 90% of proba-
bility of failure and they were calculated by the standard deviations of
the corresponding experimental fitting curves of Fig. 5. It is highlighted
that the predicted curves of the machined cylindrical specimen and
of the miniaturized notched specimen are within the corresponding
error bars. The fatigue limit of the ideal smooth cylindrical specimen
was conservatively determined supposing that the obtained value of
√

𝑎𝑟𝑒𝑎R,3, for the machined cylindrical specimen, was the threshold
value

(

√

𝑎𝑟𝑒𝑎R,crit.

)

for the application of a defect tolerant approach or,
in other words, it was assumed that a lower surface roughness would
not further increase the fatigue strength. Therefore, the corresponding
stress value obtained with Eq. (9) was considered as the conservative
fatigue limit of the perfectly smooth cylindrical specimen. The value of
√

𝑎𝑟𝑒𝑎R,crit. was also employed to calculate the values of the fatigue
limit for the miniaturized plain and notched specimens if perfectly
smooth. Thus, the corresponding values of the fatigue limit for the
ideal smooth miniaturized plain and miniaturized notched specimens
were calculated by the application of Eq. (9) at that critical value of
the equivalent defect, which is: 6.75 μm. Since the application of the
proposed model in Eq. (9) to calculate the fatigue limit of the machined
cylindrical specimen provided quite accurate prediction results, the
actual value of √𝑎𝑟𝑒𝑎R,crit. would be surely lower than that supposed in
this research (which is the only experimentally available), thus leading
to a higher value of the ideally smooth specimens fatigue limits.
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Table 5
Calibration values of the proposed model parameters and numerical results of the fatigue limit prediction validations obtained with the cylindrical
machined specimen and with the miniaturized notched specimen.
𝑆0 𝑚 Exp. 𝜎pl,m,fl Pred. 𝜎pl,m,fl Err. Exp. 𝜎mini,n,fl Pred. 𝜎mini,n,fl Err.
(

mm2) (MPa) (MPa) (%) (MPa) (MPa) (%)

0.105 0.079 205 213 3.9 204 221 8.3
t
i
t
–
i
W
c
–
I
e
o

Fig. 19. Dependence of the fatigue limits of the cylindrical and the miniaturized
pecimens on the value of

√

𝑎𝑟𝑒𝑎R according to the proposed model. The oblique
ashed–dotted lines define the probability of failure at 90% and at 10%, and the
orresponding standard deviations were extracted from the experimental fatigue tests
eported in Fig. 5.

. Conclusions

In this research the fatigue strength of cylindrical and miniaturized
pecimens, made of Inconel 718 and produced by L-PBF, was inves-
igated. After the manufacturing, the specimens underwent an aging
reatment, and turning machining was applied to a series of cylindrical
lain specimens, to reduce the surface roughness and then investigate
ts role on the fatigue strength. The specimens were analysed with
n optical microscope for metallographic investigations, with the SEM
or fractographic analyses for a better understanding of the fatigue
nitiation, and by means of a 3D optical profilometer to obtain the
urface topography. The surface profiles were then replicated as a sum
f harmonics with the fast Fourier transform (FFT) algorithm to filter
ery high frequencies which could imply incorrect evaluation of the
rofile shape. The proposed approach combined the Murakami formula
ith the related roughness parameter, an additional term to account

or the nonzero value of the average stress, and an additional term
nspired from the HSV criterion and reformulated as highly stressed
urface (HSS). This latter reformulation was introduced just considering
hat the fatigue failure generally initiates at the surface.

Some remarks about the obtained results are provided below:

1. Once the surface profiles of the investigated specimens were
reproduced by the FFT, the couples of 𝑎 and 𝑝 leading to the
highest value of the Murakami roughness parameter

√

𝑎𝑟𝑒𝑎R
were identified for the cylindrical plain (both as-built and ma-
chined) and the miniaturized (plain and notched) specimens.
The two obtained maximum equivalent defects for the as-built
cylindrical and for the miniaturized plain specimens resulted
very similar, which means that the 3D printing machine was
able to provide a quite repeatable surface profile regardless of
the type of the printed section shape.
15
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2. According to the previous point, it follows that Eq. (4), combined
with Eq. (8), is not able to explain the experimental difference
of the fatigue strength shown in Fig. 5 between the miniaturized
plain and the common size specimens, despite their different
dimensions. The proposed criterion, however, is able to include
the modelling of the size effect through the term

(

𝑆0∕𝑆
)𝑚 in

Eq. (9), where 𝑆 represents the HSS, which had a significantly
different size between the cylindrical specimen and the miniatur-
ized one. This latter implies a higher probability of finding either
a more severe surface roughness or a combined effect of the
surface roughness and any defect near the surface. These critical
conditions could be found away from the analysed portion but
still within the HSS.

3. The values of 𝑆0 and 𝑚 were calculated by combining the cylin-
drical and the miniaturized plain specimens in as-built condition,
while the machined cylindrical and the miniaturized notched
specimens were then used to validate the proposed model.

4. Nevertheless the term
(

𝑆0∕𝑆
)𝑚 played a crucial role to account

for the size effect, the most consistent part of the proposed model
is the term

√

𝑎𝑟𝑒𝑎R, according to the Murakami formulation [2].
This latter statement can also be justified observing that the
obtained value of 𝑚 reported in Table 5 resulted close to zero.

5. As an alternative to the proposed model, even the additional
term 120 in Eq. (9) could be considered as an unknown param-
eter, as proposed in the previous research [18]. Following this
idea, the parameters to be tuned were three: the additional term,
𝑚 and 𝑆0. The as-built cylindrical, the miniaturized plain and the
machined cylindrical specimens were employed to calculate the
values of the parameters and the miniaturized notched specimen
was used as a validator. A low prediction error was obtained,
however, with no substantial differences with respect to the
model proposed in this research.

6. The obtained value of √

𝑎𝑟𝑒𝑎R,3, corresponding to the high-
est Murakami roughness parameter of the machined cylindrical
specimen, was considered as the threshold √

𝑎𝑟𝑒𝑎R,crit. for the
application of a defect tolerant approach, as presented in Fig. 19.
By supposing the same value of √

𝑎𝑟𝑒𝑎R,crit., the fatigue limits
of ideally smooth specimens (cylindrical or miniaturized) were
conservatively estimated. Considering that the proposed model
is a defect tolerant approach, and by employing √

𝑎𝑟𝑒𝑎R,3 it pro-
vided an accurate prediction of the fatigue limit of the machined
cylindrical specimen, the threshold value of

√

𝑎𝑟𝑒𝑎crit. would be
lower (or at least equal) than √

𝑎𝑟𝑒𝑎R,3.
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ppendix. Fatigue data

In this appendix all the fatigue data obtained during the fatigue tests
f the four kinds of specimens involved in the research are reported.

Cylindrical as-built, 𝑅 = 0 Miniaturized plain, 𝑅 = 0

Number of
cycles to failure

Stress
amplitude

Number of
cycles to failure

Stress
amplitude

(𝑁f) (MPa) (𝑁f) (MPa)
5.69 × 104 315 3.70 × 104 369
7.61 × 104 316 1.33 × 105 318
1.20 × 105 261 1.48 × 105 344
1.45 × 105 261 1.55 × 105 296
1.50 × 105 261 1.79 × 105 285
2.53 × 105 214 1.92 × 105 271
2.69 × 105 214 2.02 × 105 294
4.36 × 105 190 2.07 × 105 259
4.83 × 105 214 3.08 × 105 247
8.36 × 105 166 3.46 × 105 236
9.45 × 105 166 3.86 × 105 249
9.56 × 105 152 5.09 × 105 214
1.22 × 106 145 7.93 × 105 225
1.60 × 106 140 8.13 × 105 239
2.00 × 107 140 2.00 × 106 217

7
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2.00 × 10 128
Cylindrical machined, 𝑅 = 0 Miniaturized notched, 𝑅 = 0

Number of
cycles to failure

Stress
amplitude

Number of
cycles to failure

Stress
amplitude

(𝑁f) (MPa) (𝑁f) (MPa)
1.08 × 105 321 3.98 × 104 468
1.71 × 105 321 3.99 × 104 420
1.96 × 105 285 4.67 × 104 511
2.85 × 105 285 7.26 × 104 396
5.99 × 105 238 9.60 × 104 336
6.31 × 105 238 1.41 × 105 303
6.67 × 105 226 1.41 × 105 338
7.61 × 105 209 1.68 × 105 382
7.93 × 105 202 2.16 × 105 261
8.87 × 105 202 3.29 × 105 245
1.00 × 106 226 3.46 × 105 257
1.19 × 106 238 5.16 × 105 230
2.40 × 106 202 5.63 × 105 216
2.71 × 106 214 1.00 × 106 243
4.46 × 106 202 2.00 × 106 271

2.00 × 106 220
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