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This study introduces a microstructure-sensitive fatigue life prediction framework based on CP-FFT which
includes the effect of surface roughness. The model is applied to flat Hastelloy-X specimens fabricated using
Selective Laser Melting. The surface roughness measured is incorporated introducing a free surface with
sinusoidal profile. The framework can accurately predict the fatigue life reduction of rough flat specimens using
the fatigue parameters of polished bulk specimens and introducing the actual microstructure and roughness.

A parametric study shows a monotonic reduction of life with the roughness amplitude but a minor effect of

the surface waviness.

1. Introduction

Selective laser melting (SLM) is an additive manufacturing process
which aims at producing near net shaped metallic components. How-
ever, the fatigue performance of these parts is usually lower than that of
their wrought counterparts. This reduction in the performance is due to
the combined effect of several features consequence of the fabrication
process including porosity, residual stresses, surface roughness and
strong texture.

Among these factors, porosity and residual stresses are less critical,
because they can in general be released by a combination of optimiza-
tion of the SLM process parameters and post fabrication treatments [1].
On the other hand, surface roughness is probably the most influential
microstructural feature in the fatigue life and the processes designed to
minimize its influence are usually incompatible with the dimensional
tolerances required for an engineering part. The surface roughness
in SLM fabricated parts has different origins including the stair-step
effect, the presence of partially melted powder particles on the final
part surface, and the Plateau-Rayleigh instability [2]. The mechanical
effect of this roughness is the presence of small stress concentrations
along the irregular surface which act as fatigue crack initiation sites,
strongly reducing the fatigue performance of the fabricated part. Nu-
merous researchers have explored the effect of surface roughness on
the fatigue behavior of SLM parts, as well as potential mitigation
methods. Ferrar et al. [3] and Ali et al. [4] have highlighted the low

repeatability of fatigue tests due to surface roughness, resulting in a
random distribution of defects. Mumtaz and Hopkinson [5] observed
that decreasing the laser scan speed could reduce the roughness of the
top surface while increasing the roughness of the side surface in IN625.
Similarly, Esmaeilizadeh et al. [6] reported a reduction in surface
roughness by lowering the laser scan speed, in the case of Hastelloy-
X. Abele and Kniepkamp [7] demonstrated that the use of a contour
scan method could significantly reduce surface roughness. Wang et al.
[8] found that remelting the surface layers could minimize the sur-
face roughness of SLM Hastelloy-X. Despite of all these efforts, none
of the aforementioned approaches can entirely eliminate the surface
roughness.

Due to the strong influence of the surface roughness in the fatigue
performance and the difficulty of eliminating it, it becomes essential
to understand and quantify the effect of the surface condition on the
fatigue life. This need also extends to cases involving contact and
wear [9,10], where the effect of roughness is also remarkable.

In the case of uniaxial fatigue, the analysis of the effect of the
surface condition requires tests on specimens with controlled surface
roughness and the development fatigue models which consider the
rugosity and its combined effect with other microstructural features,
such as texture or grain shape, to quantify its influence on fatigue life.

Early attempts to model the influence of surface roughness were
based on linear elastic fracture mechanics (LEFM), with all micro-
notches assumed to be micro-cracks and designs based on the ma-
terial fatigue crack propagation threshold 4K,, [11,12]. These ap-
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proaches are macroscopic, assume elastic fracture mechanics and may
be overly conservative. Several empirical models, such as the Mu-
rakami method [13], were developed by connecting fatigue strength
to defect size and micronotches. Subsequently, Pessard et al. [14]
and Le et al. [15] developed stochastic models based on the LEFM and
Dang Van criteria. These models were able to quantify the effect of
surface roughness on fatigue life reduction; however, they were mainly
empirical and macroscopic, without taking into account microstructural
characteristics or surface roughness topology.

The quantification of surface roughness is essential when model-
ing the effects of surface roughness, and modern technology allows
for highly accurate surface topography (down to the sub-micrometer
level) to be produced through contact and non-contact profilometry.
This topological description can be incorporated into computational
models. Campbell et al. [16] used trigonometric equations to include
surface roughness caused by the staircase effect in CAD files. Pérez et al.
[17] developed a model based on sample and defect geometry that
takes into account the average surface roughness, R,. These articles
focus on empirical descriptions of surface roughness in bulk samples
and do not directly address its impact on fatigue performance. Surface
topography can be used as an input for crystal plasticity finite element
models (CPFE) to take into account the effect of surface roughness on
fatigue performance. As reported by As et al. [18], this approach was
used to predict fatigue in an aluminum alloy, with average surface
roughness R, as the roughness descriptor. Subsequently, Bezier spline
interpolation formulas were used in FE models to replicate surface
roughness profiles [19]. Yadollahi et al. [20] accurately estimated the
fatigue life of IN718 by constructing a surface roughness profile based
on a semicircular locus whose dimensions were determined by the
maximum depth of the valley. Vayssette et al. [21] provided the most
promising methodology to date that directly incorporated experimental
3D profilometry measurements into an FE model of the specimen to
statistically study fatigue performance. All these models provide some
interesting insights to the quantification of surface roughness and its ef-
fect in the fatigue performance, but do not consider the polycrystalline
microstructure which influence in the nucleation of fatigue cracks is
critical.

Very few works can be found in the literature which explore the
combined effect of surface roughness and polycrystalline microstruc-
ture. One of the first works was published by Belhadjamor et al. [22],
who proposed a CPFE methodology with random sinusoidal Gaussian
surface profiles and optimized them with skewness and kurtosis fitting
based on experimental observations. However, the application of the
model to predict fatigue life was not explored. The most relevant work
studying the synergistic effect of surface roughness and microstruc-
ture in fatigue life was proposed recently by Natkowski et al. [23]
for wrought steel, based on Bashkin equation and Fatigue Indicator
Parameters extracted from CPFE calculations.

There are several features that are not considered in the studies
mentioned. First, all the studies including macroscopic and CPFE based
ones, are focus on bulk (thick) samples. However, in the case of thin
samples the surface roughness effect is even amplified because of
the additional factor of the varying cross section, which can cause
stress concentration in certain areas. Moreover, on flat samples, the
surface effect is added to the higher anisotropy in the mechanical
response caused by the microstructures formed by the high tempera-
ture gradients during fabrication, and the effect of surface roughness
varies depending on the fabrication direction. Second, to the authors
knowledge, the few papers modeling surface roughness are focused on
other metals with very different casuistic, such as steels [23]. Third, no
work can be found that parametrically study the different descriptors of
surface roughness surface such as waviness and intrusion depth. Finally,
the available models do not provide any statistical description of the
fatigue life but are just based on individual simulations, probably due
to the high cost of CPFE simulations.
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Fig. 1. Description of coupon of flat sample with 1.2 mm thickness built in Z and X
direction. The rough or un-machined surfaces are marked with textured lines.

In this paper, the fatigue life prediction framework developed in Pil-
gar et al. [24] for bulk Hastelloy-X is extended to account also for the
effect of surface roughness. As the original framework, the fatigue life
statistical prediction is based on the solution of a set Statistically Rep-
resentative Volume Elements solved using CPFFT, but including in the
models a free surface with a harmonic description of surface roughness.
To validate the model, new fatigue experiments are performed for plane
SLM specimens of Hastelloy-X with two surfaces containing as-built
roughness, and the data obtained in the experimental characterization
of these surfaces is used to build the model. Then, a parametric study
will be performed to analyze the effect of surface roughness amplitude
and waviness on the fatigue performance

2. Fabrication and experimental characterization

Hastelloy-X flat specimens of 1.2 mm thickness were fabricated
using a SLM technique in a RenAM 500Q machine. Resulting specimens
were machined as rectangular dog bone shapes with a gauge length of
15.68 pm. Two type of samples were built with orientations parallel
to the building direction (flat 1.2Z) and perpendicular to the build
direction (flat 1.2X) (Fig. 1). After fabrication, all samples were heat
treated at 1170 °C for 30 min and then quenched with a gas fan. The
samples were tested in an annealed condition.

The flat samples fabricated by SLM have surface roughness as a
result of the presence of partially melted and unmelted powder. The XZ
section is left in its original state because it is difficult to machine due
to geometric complexities and therefore presents surface roughness.
On the contrary, the other surfaces of the samples are machined and
the surface roughness is eliminated in these faces. Fig. 1 presents a
schematic of the two fabricated samples indicating their orientation
with respect fabrication and showing the rough surfaces.

To measure the surface roughness of the XZ surfaces of the flat
specimens, the profilometer “Mitutoyo SJ-210” with a stylus is used in
accordance with the ISO-4287 standard. The surface roughness is rep-
resented by arithmetic mean surface roughness R,, which is measured
over a length as,

1 L
R, = Z/o lyldz €

where y represents the deviation from the average y-position of that
surface. It is important to note that the surface roughness in Eq. (1) is
in the Y direction. The resulting mean surface roughness value obtained
was R, ~ 10 pm. In addition, an average wave length of 60 pm is
measured from profilometry.

In flat samples a complex microstructure is formed near the free
surface, characterized by columnar grains elongated along the Y-axis,
termed the “border” and which typically spans approximately 0.2 mm
width for each free surface, corresponding to 1-2 grains [25]. In the
building direction of flat samples, grains are elongated with an average
aspect ratio of 10:1 for 1.2 mm samples. A flat sample of this thickness
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Fig. 2. The experimental stress-life curve for flat 1.2X, 1.2Z sample along with bulk
samples built in X and Z direction.

typically contains 4-5 grains along the Y direction, having preferential
orientations, which leads to a notably anisotropic material response.

The uniaxial cyclic behavior of SLM-fabricated Hastelloy-X at
750 °C was experimentally determined by conducting cyclic tests with
a wide range of stress amplitudes. The flat sample oriented in the Z
direction (flat 1.2Z) was subjected to uniaxial stress-controlled cyclic
loading in the building direction (Z), while the sample oriented in
the X direction (flat 1.2X) was subjected to uniaxial cyclic loading
in the X-direction. The cyclic tests for stress-controlled loading were
carried out with = 2.85,3.21,3.39,3.57 and ~= 2.85,3.21,3.57,4.29
for flat 1.2Z and ﬁat 1.2X samples respectlvely, with a stress ratio of
R,=0.03. 7, is a normalization factor, corresponding to the critical
resolved shear stress of Hastelloy-X grains at 750 °C, which was used
due to the confidentiality agreement signed with the industrial partner
that funded this study.

The resulting fatigue life (number of cycles N) as function of the
applied stress range (¢) under stress control is shown on Fig. 2. For
comparison, the corresponding S-N results obtained for bulk samples
(constructed in X and Z directions) with ultrafine surface polishing
(with R, < 0.2 pm) under the same testing conditions, taken from Pilgar
et al. [24], are also included.

The results presented in Fig. 2 show a clear decrease in life for the
flat samples compared to the bulk ones. It is found that, for low applied
stress ranges, the samples built in the X orientation are slightly more
resistant to fatigue than the ones fabricated the Z direction (see Fig. 2),
similar to what is observed in bulk samples [24] and in agreement
with literature results [8,26]. However, fatigue anisotropy cannot be
confirmed from an experimental point of view for high stress levels due
to the limited experimental data available.

3. Computational homogenization framework
3.1. Representative Volume Element generation

The microstructure of SLM Hastelloy-X is represented using cuboidal
Representative Volume Element (RVE) which, as in the works of Pilgar
et al. [24,25], statistically reproduce the grain size, shape, and ori-
entations obtained from the EBSD measurements. The microstructure
represented in the RVEs is voxelized to be directly used in CPFFT
simulations. The method of generating synthetic RVEs, including grain
size, aspect ratio, and orientation, is discussed in the aforementioned
papers.

The surface roughness of the actual specimens was located on the
YZ section of the flat samples. To accurately represent the deformation
of the plain samples, the RVEs meet certain criteria:

International Journal of Fatigue 184 (2024) 108298

10

8

6

4
5 2 £
n 0o 2
x >
© o &
N

-4

-6

-8

% 20 40 60 80 100 10

X axis (um)

Fig. 3. The graphical representation of the surface roughness profile showing XZ
section.

» RVEs are right rectangular prisms with different edge lengths,
being their relative edge lengths equal to the aspect ratio of the
grains.

» RVEs include very compliant buffer layers to emulate stress-free
boundary conditions in the planes perpendicular to the sample
thickness (YZ plane). This free conditions are fundamental to
consider the influence of the ratio between the actual specimen
thickness and grain size.

» RVEs are considered periodic in the other two directions, because
the sample size in those directions is much larger than grain size.

+ Surface roughness is introduced in the YZ surfaces as the shape
of the buffer region.

Regarding the shape of rough surfaces, a typical observation of the
surface roughness profile is that it approximately resembles a sine curve
shape [27,28]. Therefore, in this study, surface roughness is expressed
by a simplified sinusoidal curve with amplitude R, and wavelengths A,
and 4, in X and Z direction respectively, which is given as,

Ry =R, <sin<%+f)>. @

A graphical representation of the surface roughness shape, defined in
Eq. (2), is shown as in Fig. 3.

The average wavelength of surface roughness profiles in the X and Z
directions is approximately the same (4, ~ 4,), and its measured value
is 60 pm. The buffer layers of the compliant material are placed on top
and bottom of the cell in the Y direction and its surface has the shape
defined by Eq. (2).

The resulting RVE is represented in Fig. 4. Fig. 4(a) depicts the
original periodic RVE that takes into account microstructural features
such as grain size, shape, and orientation to represent machined sam-
ples. The shape of the buffer surfaces can be observed in Fig. 4(b), left
part. Note that the microstructure is periodic on X and Z directions,
and periodic boundary conditions are considered on those edges. The
approximated number of crystals in the models is around 850, and the
discretization of the RVEs was done in 64 x 32 x 128 voxels. The
resulting RVE with surface roughness is shown in the right part of
Fig. 4(b).

3.2. Crystal plasticity model

It is known that plastic behavior might show an intrinsic size effect
which introduces a dependency of the response with some internal
characteristic length. The characteristic length of the microstructure
influencing the response is normally the grain size [29], but for non-
smooth free surfaces, the characteristic length might be related with
the roughness depth or spatial frequency. Indeed, the critical role of
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RVE(Machined condition)

(b)

RVE(Un-machined condition)

Fig. 4. 3D non cubic RVEs of polycrystalline SLM Hastelloy-X for flat sample 1.2X in (a)machined and (b, right) as-built(with surface roughness) condition. (b, bottom) shows the

layer of surface roughness. Note that the colors indicate the grain numbers.

the characteristic lengths of the surface waviness has been observed
in tribological studies [9] and has been rationalized by discrete dislo-
cation dynamics (DDD) simulations [30]. However, a DDD framework
is non feasible for studying large three dimensional polycrystals and
crystal plasticity is chosen here. Moreover, although this size effect
could be captured by strain gradient CP models [29] or micromorphic
approaches [31], these models are still too expensive to allow consider-
ing multiple realistic 3D RVEs for the statistical description required in
fatigue. Therefore, a standard phenomenological crystal plasticity (CP)
model is used to simulate the elasto-viscoplastic cyclic behavior of
Hastelloy-X. The model incorporates essential aspects such as isotropic
and kinematic hardening, as well as mean stress relaxation effects [32].
A detailed description of the crystal plasticity model can be found in our
previous publication [24], and here only a concise summary is provided
for completeness.

The plastic slip rate 7* in each slip system « is defined by a power
law, which is given as

o 17 =17
Y =" —g"

where 7%, y* and g“ correspond to the resolved shear stress, back-stress
and the critical resolved shear stress on the slip system a respectively.
y? and m are the reference strain rate and the strain rate sensitivity
parameters.

The plastic flow follows a CP extension of Ohno-Wang model con-
sidering only the first two terms [32],

>k
The ¢, d, and k are material parameters, with k controlling the mean

stress relaxation, and ¢ and d representing the direct hardening and
dynamic recovery modulus, respectively. The evolution of the Critical

1
) " sign(z® — y%) 3)

lx1

o @

7=yt —dyty" <

Resolved Shear Stress (CRSS) for a given slip system, g%, determines
the isotropic hardening and is expressed as

8= quphr )i’ ©)
p

where g,, are the latent hardening coefficients and 4 is the self hard-
ening modulus which follows the Voce hardening model [33], given by

—hora
T5—70

hoh
h(r,) = h, + [ho — 4 —0Te Sy"} exp( 6)

Ts — 7o
In the hardening equation 7, 7, A, and A, are the hardening parameters
and y, is the accumulated plastic shear.

The FFT based homogenization code FFTMAD [34,35] was used
to simulate the cyclic plastic response. The Galerkin-FFT algorithm
was chosen to solve the homogenization problem [36] in a finite
deformation set [37], using Newton-Raphson and the conjugate gradi-
ent method for solving the linearized equations. Modified frequencies
were introduced to alleviate noise [38]. The incorporation of external
macroscopic loading, which is prescribed by setting a combination of
the macroscopic deformation gradient and the first components of the
Piola stress, into the FFT problem was achieved using the mixed control
technique developed by Lucarini and Segurado [39]. The macroscopic
stress was applied in cycles representing the experimental loading and
each cycle was discretized in increments.

4. Results
4.1. Simulation set-up

The crystal plasticity model parameters used are taken from Pilgar
et al. [24] and given in Table 1. These parameters were obtained from

the inverse analysis of cyclic tests of bulk AM Hastelloy-X specimens.
Nevertheless, the same crystal response is assumed here for plane
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Fig. 5. Comparison between predicted and experimental fatigue life(shown by black asterisk) under machined(without surface roughness, SR) represented by blue lines and
un-machined(with SR) conditions, shown by red lines for (a) flat 1.2Z and (b) flat 1.2X samples.

Table 1
Crystal plasticity parameters of a SLM Hastelloy-X at 750 °C [24].
Elastic (GPa) Cy Cp, Cyy
194.8 126.91 89.95
Viscoplastic m 7o (57H
0.017 2.42x107°
Isotropic Hardening (MPa) 7 T hy hy
T 1.257, 78.77, 0.717,
Kinematic Hardening ¢ (MPa) d k
171.427, 2.577, 0.1066

specimens, following the conclusions of Pilgar et al. [24,25] where it
was shown that the variations in mechanical response observed when
changing the direction of the building or the shape of the sample were
solely attributable to changes in microstructure.
Microstructure-sensitive models aim at correlating the microstruc-
ture and the fatigue performance of an alloy by studying the cyclic
plastic deformation of a RVE of the microstructure resolving both
macroscopic response and microfields [40-42]. The RVEs include mi-
crostructural characteristics like grain size, shape, and orientation. The
microfields obtained in the simulations are used to define the driving
forces for crack formation through the definition of microscopic fatigue
indicator parameters (FIP) which correlate with fatigue life [42]. Sev-
eral FIPs are proposed in the literature, including accumulated plastic
slip per cycle [40,43-45], Fatemi-Socie parameter [46,47], energy
stored per cycle [44,48,49], energy dissipated per cycle [50], and
others [51,52]. There is no universally valid FIP, and its choice depends
on the particular alloy (e.g. presence of twin bands as hotspots) or on
a particular fatigue regime (e.g. FIPs including elasticity can be used
for HCF [53]). Finding the most appropriate FIP is usually made based
on experience or on trial and error, nevertheless even machine learning
techniques have been used to find the optimal FIP that links simulation
and experimental results [54]. In the absence of dedicated experiments
to find the optimal FIP, a clever choice is the use of FIPs having a
physical background. For cyclic tests involving plastic deformation,
initiation criteria based on the total energy stored before fracture [48]
or on the total dissipated energy [50,55] are common and have shown a
very good predictive capacity since they encompass both plastic strain
and stress levels. In this study, among the physically based FIPs, the
plastic work dissipated per cycle has been chosen since it has provided
good predictive capacity for stress controlled tests in Hastelloy-X [24].
In particular life is predicted based on the maximum value of this

FIP in a band before the elastic shakedown for all the SVE, Wp““, as
introduced in the previous work [24].

A power-law expression is proposed to link fatigue life (number of
cycles N;) and FIP,

crit
w;

- %!
(V[/pacc) k

1
in which W¢*, and nk are the two fitting parameters characterizing
the alloy fatigue performance. These constants were obtained in Pilgar
et al. [24] for a SLM bulk sample. No fitting at all has been done to
calibrate the fatigue law parameter to the flat sample experiments, and
the same law and parameters proposed for bulk specimens are used
here. The reason for using the same parameters is the hypothesis that
the material has the same composition and sub-grain structure for the
bulk and flat specimens and differences in fatigue life can be attributed
and modeled only by considering the microstructure and roughness
changes. Therefore, the parameters of the fatigue life prediction model
(Eq. (7)) taken from Pilgar et al. [24] are W,,° = 5.06 x 108 and
nk = 0.56.

To compare the effect of free non-smooth surfaces to flat smooth
specimens, two sets of simulations are conducted. The first set involves
a statistically representative volume element (SVE) of 20 randomly gen-
erated microstructures that represent perfectly periodic flat specimens
without any surface effects. These models reproduce the average grain
size, aspect ratio, and grain orientations observed in flat 1.2X and flat
1.2Z samples and are referred to as “machined” specimens.

The second set of simulations involves another 20 RVEs comprising
different microstructures that correspond to the models depicted in
Fig. 4b, which introduce surface roughness on the lateral planes perpen-
dicular to the thickness of the sample, while the other two directions
remain fully periodic. These models reproduce the average grain size,
aspect ratio, and grain orientations observed in plain 1.2 mm samples,
and include a variable level of porosity characterized by the parameters
R, and 1, 4,. These specimens are referred to as “as-built” samples.

4.2. Effect of surface roughness: comparison with the experiments

The SVEs underwent virtual uniaxial stress-controlled cyclic tests for
all the stress ranges experimentally tested and under a stress ratio of R,
= 0.03 for both the machined and as-built conditions. The SVEs of “as-
built” materials included a free rough surface described with Eq. (2)
using the values found experimentally with profilometry, R, ~ 10 pm
and 4, = 4, ~ 60 pm.
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Cumulative FIPs, W< were determined from the results of each
of the 20 different RVEs simulated for each condition. This ensemble
of RVEs forms a large-scale statistical volume element (SVE) which
provides a statistical distribution of fatigue life that characterizes a
given microstructure and loading condition.

The fatigue crack initiation life of the flat samples 1.2Z and 1.2X
is depicted in Figs. 5(a) and 5(b), respectively. The curves represent
the probability distribution function of fatigue life for the stress level
marked as a horizontal line and labeled on the vertical axis. The prob-
ability distribution functions shown are the adjustment of the results of
all the different RVEs for that loading case to a log-normal distribution.
Two colors are used for the distributions, blue corresponds to the
predicted life probability distribution without surface roughness, while
the red lines indicate the predicted life in “as-built” condition (with
surface roughness). The corresponding experimental life is represented
by black asterisks. Note that surface roughness is abbreviated as SR
in the figure. For both orientations the agreement between the fatigue
life predicted numerically and the experimental results when surface
roughness is taken into account is remarkable. The largest differences
were observed for the flat 1.2X sample in the stress ranges /7, 2.85,
and 3.21, where the fatigue life is somewhat overestimated. On the
contrary, if surface roughness is not introduced in the model and
standard periodic boundary conditions are used, the microstructure
and shape of the sample will be the only factors controlling fatigue
cracks initiation. In Figs. 5(a) and 5(b), the fatigue life prediction
without considering surface roughness is represented by blue lines for
samples 1.2Z and 1.2X, respectively. It is evident that in this case the
predicted life is highly overestimated. Therefore, for flat samples with
considerable surface roughness, microstructure alone is not enough to
predict fatigue life, and it is essential to include free surfaces with
roughness into account when modeling.

The results of this section demonstrate that the model is capable
of accurately predicting fatigue life taking into consideration the ef-
fects of microstructure, surface roughness, and shape of the samples.
It is notable that the predicted fatigue lives for both flat samples
are in agreement with the experimental results, considering that the
fatigue life law used for the predictions was only calibrated using two
experiments of Bulk-X samples (see Pilgar et al. [24]) well polished.

Regarding the statistical dispersion of the fatigue life, it is widely
accepted that as the cyclic stresses applied are reduced the variation
in fatigue live increases. However, it can be observed in Figs. 5(a)
and 5(b) that it is not the case for the simulation of these SLM
fabricated flat samples. Here the variability remains high also for high
stress amplitudes because the number of grains is relatively small com-
pared to a macroscopic specimen, and the different samples statistically
equivalent have a slightly different plastic response.

Effect of building orientation

The S-N curves in Fig. 6 show the impact of the building direction on
the fatigue life of flat samples, taking into account surface roughness.
The horizontally built sample (flat 1.2X) shows greater resistance to
the initiation of fatigue cracks than the vertical sample (flat 1.2Z) for
high to medium stresses. In the case of low stresses, experimental data
show a change in the tendency, (Fig. 6. Due to the limited experimental
data at low stresses it cannot be stated if this change of tendency,
neither observed in other experimental work nor in the simulations,
is a characteristic of the material or is just the result of a particular
test.

The proposed CP-FFT model is able to reproduce the fatigue
anisotropy for medium to high stress, consistently with the research
findings of Shrestha et al. [26] and Wang et al. [8]. The model
also predicts a progressive reduction of the anisotropy of the fatigue
performance with stress range reduction. On the contrary, the model
does not accurately predict fatigue life at the two lowest stress levels
o/7y = 2.85,3.21. This difference can be explained by the very long
times of the tests at these stresses which enhance the effect of fatigue-
creep interaction mechanisms that are not directly considered in the
model.
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Fig. 6. The comparison between experimental and predicted fatigue lives of flat 1.2X
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samples.
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Fig. 7. The fatigue indicating parameters (FIPs) predicted for different amplitudes of
surface roughness for the loading case, ¢/7,=3.57 in 1.2X orientation.

4.3. Parametric study on effect of surface roughness parameters

After the validation of the fatigue life prediction model for the
experimental results available and including roughness, in this section,
the model will be used to perform a parametric numerical study of the
influence of surface roughness on the fatigue life of flat specimens. In
the study, both surface roughness amplitude and wavelength will be
systematically varied.

4.3.1. Effect of surface roughness amplitude

The mean amplitude of surface roughness in the plane specimens
was quantified as R; = 10 pm (see Section 2) and the models presented
in Section 3 included this experimental value in the function defining
the surface shape (Eq. (2)). In this section the parameter R, will be set
to five different values, Opm (perfect smooth machined specimem), 2
pm, 5 pm, 10 pm, and 20 pm of amplitude. The values with less R,
than the experimentally measured are the typical values that can be
obtained in Hastelloy-X from electropolishing after SLM [56].

The wavelength of surface roughness was maintained as 4, =
4, = 60 pm. For each case, 20 Representative Volume Elements were
simulated for both orientations and under various loading conditions.
A significant correlation between surface roughness amplitude and FIP
was observed, wherein an increase in amplitude led to a corresponding
increase in FIP. This trend was consistent across all loading condi-
tions and orientations, showing the pronounced influence of surface
roughness amplitude on predicted fatigue behavior. The origin of this
effect is the increase of the deviatoric stresses with roughness near the
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Fig. 9. The fatigue indicating parameters (FIPs) predicted for different wavelengths of
surface roughness for the loading case, ¢/7,=3.57 in 1.2X orientation.

free surface, leading to higher resolved stresses and slip, which finally
results in higher values of the dissipated energy per cycle.

To statistically analyze this effect, Fig. 7 represents the FIP Cu-
mulative Distribution Function (CDF) for all the roughness amplitudes
considered for a particular loading case, 6/7,=3.57, and 1.2X orien-
tation. It is observed that as the roughness amplitude increases, the
CDF moves to the right, presenting higher FIP values. At the same time,
statistical dispersion also increases with roughness with the exception
of the largest depth. This systematic deviation of the CDF to the right
is due to the increment of the stress concentration around the notches
and will result in a fatigue life reduction for increasing roughness.

Once the FIPs are calculated for each RVE, the fatigue crack initia-
tion of the flat specimens in the two orientations is depicted in Fig. 8.
The experimental fatigue life is indicated by the black asterisks. It is
observed in the figure that a clear reduction in fatigue life is predicted
for increasing amplitudes of the surface roughness layer. It should be
remarked that fatigue life prediction model and parameter are kept
from Pilgar et al. [24] and the only difference among the results is the
roughness depth. The model is therefore sensitive to surface roughness
amplitude and qualitatively predicts the experimental trends observed.
There are no available results for Hastelloy-X and different roughness,
but the ranking of the roughness amplitudes with respect the life
reduction reproduced by the model is similar to some experimental
studies on other SLM fabricated materials [57].

4.3.2. Effect of surface roughness wavelength

The criterion for selecting surface roughness wavelength in the
comparison with experiments is the actual layer thickness during the
Selective Laser Melting (SLM) process, which is 60 pm, and it was
shown that the use of this value and the measured R, provided accurate
predictions of the experiments.

To evaluate the sensitivity of fatigue crack initiation on the surface
roughness spatial frequency, different wavelengths were considered:
40 pm, 60 pm (corresponding to the layer thickness), and 80 pm.
Wavelengths in both the X and Z directions, A, and 4, are assumed to
be identical, as represented in Eq. (2). The surface roughness amplitude
was held constant at 10 pm for all cases. For each orientation (1.2Z and
1.2X) and loading condition, twenty RVEs were simulated to analyze
the effect of surface roughness wavelength on fatigue behavior.

The numerical analysis shows that minimal dependence on surface
roughness wavelength was observed in the cumulative distribution
function of the FIP. Fig. 9 illustrates the variation in FIP for different
wavelengths under a fix loading case ¢/7,=3.57 and fabrication direc-
tion(X). A small increase in FIP was noted with decreasing wavelength;
however, this variation was marginal, particularly in the context of
stochastic behavior in fatigue events.

The CDF of FIPs is used to predict fatigue life distributions. Fig. 10a
and 10b show numerical predictions of fatigue lives for three different
surface roughness wavelengths for both orientations and under various
loading conditions. A small increase in fatigue lives was observed
with an increase in wavelength. Specifically, the percentage difference
between mean fatigue lives for 60 pm and 80pm was found to be less
than 4%, while the difference between 60 pm and 40 pm was less than
3.5%. These results suggest a marginal sensitivity of fatigue lives to
surface roughness wavelength.

Fatigue crack initiation is a localized phenomenon and typically
occurs at sites of stress concentration such as micro-notches or surface
irregularities. The depth or amplitude of these notches significantly
influences crack initiation, with larger amplitudes facilitating easier
crack initiation due to increased stress concentration. Conversely, the
influence of surface roughness wavelength on fatigue crack initiation is
relatively minor. Although lower wavelengths statistically yield more
micro-notches on the surface, crack initiation ultimately occurs from
just one (or very few) of these micro-notches. Therefore, while sur-
face roughness wavelength may influence the statistical distribution of
micro-notches, its impact on the overall fatigue crack initiation process
is limited compared to notch amplitude. The small effect of rough-
ness waviness found also validates the experimental characterization
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of roughness, uniquely described through the parameter R,. These
findings highlight the numerical interplay between surface roughness
amplitude and microstructure in fatigue crack initiation.

5. Conclusions

A microstructure fatigue life prediction framework based on CPFFT
is enhanced to consider the combined effect of surface roughness
and polycrystalline microstructure. The approach is applied to study
the fatigue performance of flat Hastelloy-X specimens produced by
selective laser melting (SLM). The model considers the microstructural
characteristics obtained from Electron Backscatter Diffraction (EBSD)
experiments, such as grain shape, size, and orientation distributions,
as well as surface roughness profiles, which are approximated as sinu-
soidal profiles based on actual measurements. The findings of this study
demonstrate that the proposed framework is capable of accurately
predicting the fatigue life of SLM-manufactured Hastelloy-X specimens.

It is shown that the model, when including explicitly the roughness
profile obtain from experiments, is highly accurate in predicting the
fatigue life of flat specimens using general CP and fatigue parameters of
Hastelloy-X —obtained for bulk samples without roughness — without
further calibration The model successfully captures the anisotropic
fatigue response observed in different built orientations showing that
horizontally oriented samples have a better fatigue performance than
vertically oriented samples. This anisotropic behavior is thought to be
due to microstructural factors such as grain shape and orientation,
with no significant influence from surface roughness on the anisotropic
fatigue response caused by building orientation.

After the validation of the model for the experimental parameters
describing surface roughness, a parametric study was performed by
systematically varying surface roughness shape. The study shows a
very strong effect of the roughness amplitude R, in stress levels and
fatigue life. A translation to the right of the FIP cumulative distribution
function with R, was found for all the stress ranges considered, and life
was monotonically reduced with R,. These results are in agreement
with previous research conducted by Yadollahi et al. [20], Shrestha
et al. [26], and Edwards and Ramulu [58], confirming the reliability
of the findings. The level of surface waviness was also varied but a
minimal effect was found in stress concentration or life, confirming the
validity of using only R, to characterize the roughness experimentally.
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