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Abstract A novel failure criterion, named Strain-
based Finite Fracture Mechanics, is proposed to
predict the fatigue life of additively manufactured
notched components under uniaxial loading condi-
tions. The model relies on the simultaneous fulfillment
of two conditions: a non-local strain requirement and
the discrete energy balance. The inputs of the model
are strain and the stress intensity factor at failure,
which depend on the number of cycles according to
power law equations. The inputs can be obtained based
on strain-life and stress intensity factor-life data from
plain and notched specimens. The present approach is
comprehensively validated against experimental data-
sets on additively manufactured samples from the
literature for different materials, raster angles, notch
geometries and loading conditions. Predictions by
other approaches, such as Finite Fracture Mechanics
(in its original stress formulation) and the Theory of
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Critical Distances, are also considered, for the sake of
completeness. Results show that, in general, the
proposed strain-based model is more accurate and
provides consistently precise predictions across dif-
ferent cases.

Keywords Coupled criterion - Additive
manufactured samples - Notched samples - Strain
based criterion - Energy based criterion

Nomenclatures
A Length of a crack originating from the notch
root

e, b  Basquin’s parameters for &

ay, by Basquin’s parameters for K

E Elastic modulus

ge Geometrical function for the normal strain
field

8K Geometrical function for the stress intensity

factor (SIF)
K; Mode I SIF

Kie Plane strain fracture toughness

K¢ SIF at failure

L Crack advancement for the FFM formulation
in the fatigue life regime

I Critical distance for the MTSN model in the
static regime

I Critical crack advancement for the FFM
formulation in the fatigue life regime

N Number of cycles
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N¢ Number of cycles to failure

R Loading ratio

r Notch radius

o Notch opening angle

gy Normal strain component

v Poisson’s ratio

o Nominal (gross-section) stress amplitude
C. Material characteristic strength

Oy, Stress components in the Cartesian coordinate
Gy system (x, y)

0p Principal printing direction

1 Introduction

Additive manufacturing is considered a revolutionary
manufacturing process that offers many advantages
compared to traditional manufacturing methods, such
as greater design flexibility, reduced material waste,
faster production, and cost efficiency. These advan-
tages have made additive manufacturing an increas-
ingly popular option in various industrial sectors,
including aerospace and healthcare (Kholgh Eshkalak
et al. 2020; Song et al. 2020). The progress in this
method is transforming the way we design, create, and
produce mechanical components (Lewandowski and
Seifi 2016; Ezeh and Susmel 2019; Blakey-Milner
et al. 2021). However, in order to fulfill the design
requirements and account for working conditions—
especially in the case of additively manufactured
(AM) components where defects may arise during the
manufacturing process, it becomes crucial to take into
account the potential presence of cracks, holes, or
notches in the AM specimens (Gebhardt et al. 2022;
Meyer et al. 2022). These defects act as stress
concentrators and can impair the strength and service
life of structures (Salvati et al. 2020; Mirzaei et al.
2021a). Therefore, it is crucial to examine the behavior
of AM samples weakened by such flaws under the
most common failure mechanism in real structures,
which is fatigue loading.

One successful approach for assessing the failure of
notched components is the Theory of Critical Dis-
tances (TCD). This approach, dating back to Whitney
& Nuismer (1974) and refined by Taylor (1999) and
Susmel (2009), rests on an internal length scale:
failure occurs when the stress component at or along
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the critical distance reaches its critical value, typically
the ultimate strength of the material for static brittle
failure. The TCD approach has been widely accepted
and applied in the design and analysis of structures
with notches or other stress concentration features
under quasi-static loading conditions (Susmel and
Taylor 2008a, b; Ayatollahi and Torabi 2010; Schmidt
et al. 2020), including inhomogeneous materials like
additively manufactured samples (Marsavina et al.
2023). Susmel and Taylor (2007) further extended the
TCD approach to estimate the fatigue life of notched
components in the medium-cycle fatigue regime,
specifically within 10°-10° cycles. The extension
was based on the idea that the critical distance varies
as a power law with the number of cycles to failure in
the medium/high cycle fatigue regime. The approach
has been applied to a number of fatigue problems
related to isotropic materials under different loading
conditions such as uniaxial (Zhu et al. 2020), torsional
(Susmel and Taylor 2013), multiaxial (Susmel and
Taylor 2008c; Branco et al. 2021), variable amplitude
(Susmel and Taylor 2011, 2015), and elasto-plastic
materials in the low- and medium-cycle fatigue
regimes (Susmel and Taylor 2010). More recently,
TCD has also been applied to additively manufactured
samples (Benedetti and Santus 2019; Ezeh and Susmel
2020; Molaei and Fatemi 2021; Molaei et al. 2022).
Notably, in (Ezeh and Susmel 2020), the Authors
argued that the overall fatigue strength of additively
manufactured Polylactic Acid (PLA) may not be
significantly influenced by the raster angle in the
presence of stress concentration phenomena.
Considering failure analysis of structures, it has
been demonstrated that some materials exhibit strain-
controlled failure, e.g. bones (Nalla et al. 2003).
Moreover, strain-based criteria prove to be more
accurate in predicting failure for materials that exhibit
more significant plastic deformation (Jia and Bai
2016; Mirzaei and Shokrieh 2024). Therefore, having
a reliable strain-based failure criterion can be helpful.
In structural analysis using the TCD approach, it is
commonly assumed that the stress component normal
to the potential crack at fracture onset is the critical
parameter for predicting failure. Starting from the
widely recognized criterion by Saint Venant
(Timoshenko 1983) known as the maximum normal
strain criterion, Chang (1981) proposed a non-local
version of this criterion to deal with mixed mode
cracked geometries, i.e. assuming failure occurs when
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the maximum strain at a given (critical) distance from
the notch tip reaches a threshold value, and named it
Maximum Tangential (hoop) Strain (MTSN) criterion.
Next, the MTSN criterion was analytically developed
by Mirsayar, who took the effect of the first non-
singular term into account and utilized it to estimate
the failure and crack initiation angle for specimens
made of PMMA (Mirsayar 2015), rock (Mirsayar et al.
2018), and even orthotropic composites (Mirsayar
2022) under quasi-static loading conditions. The
MTSN method was also exploited for failure estima-
tion in different problems, such as human bones (Nalla
et al. 2003), size effect (Aghabeigi et al. 2024), mixed
mode I/IIl (Bidadi et al. 2022), and wing-crack
initiation under uniaxial compression (Zhu et al.
2021). Considering fatigue loading, Burke-Veliz
et al. (2010) simulated the crack propagation shielding
and deflection in plain bearings under large-scale
yielding during cyclic loading. Finally, in (Shi et al.
2020), the MTSN criterion was utilized to investigate
the fatigue life of Al-steel resistance spot welds.
Whilst the critical distance in the TCD approaches
is a material property, in the Finite Fracture Mechanics
(FFM) approach, originally proposed by Leguillon
(2002) and Cornetti et al. (2006), the finite crack
advance is not known a priori, being a function of the
geometry and loading conditions beyond the material
properties. According to FFM, the failure load and the
crack advancement are obtained by solving a system
of two equations, representing a stress and an energy
condition for the crack onset. It is worth noting that the
FFM is also known as the Coupled Criterion, partic-
ularly regarding Leguillon’s formulation (2002),
emphasizing that both energy and stress conditions
must be satisfied for crack propagation to occur. The
model has been successfully employed for various
structures and materials, including notched specimens
under different loading conditions such as mode I
(Carpinteri et al. 2008, 2011), mode II (Sapora et al.
2014; Campagnolo et al. 2016), and mixed mode
(Yosibash et al. 2006; Priel et al. 2008; Cornetti et al.
2013; Doitrand et al. 2021) failures. Moreover, the
FFM approach has been applied to examine the failure
of notched composites (Camanho et al. 2012) and to
perform debonding analyses (Carpinteri et al. 2009;
Mirzaei et al. 2021b). Remarkably, by coupling the
Hencky strain tensor and the discrete energy balance,
Rosendahl et al. (2019) studied the mixed-mode crack
nucleation in structural glazing silicone sealants under

static loading conditions. Recently, Mirzaei et al.
(2023) extended the Finite Fracture Mechanics model
to the finite fatigue life regime. They assumed that the
critical parameters of the model, namely cyclic
strength and stress intensity factor at failure, depend
on the number of cycles following power law
equations.

Considering the need for a reliable strain-based
failure criterion, the FFM model we propose in the
next section combines the maximum normal strain and
discrete energy balance to predict the failure of
notched specimens. Under cyclic uniaxial loading
conditions, the model will be validated using a
comprehensive range of experimental data on AM
samples from the literature and compared with (stress)
FFM and TCD approaches.

The plan of the paper is as follows. In Sect. 2, we
briefly review the TCD and FFM failure models for
monotonic and fatigue loading, and then present the
novel, strain-based FFM model. In Sect. 3, we intro-
duce the experimental data, along with their specifi-
cations, that we aim to interpret. In Sect. 4, we present
the results and analyze their performance with respect
to the different experimental programs considered.
Finally, conclusions are provided in Sect. 5.

2 Modeling approach

In this section, a concise introduction to MTSN and
FFM in their original formulations is provided.
Subsequently, the proposed strain-based Finite Frac-
ture Mechanics (EFFM) model is introduced for finite
fatigue life assessment.

Before starting, it is important to highlight some of
the advantages of a strain-based criterion over a stress-
based one. Firstly, strain-based criteria are often more
reliable in predicting failure in quasi-brittle materials
and in materials that exhibit significant plastic defor-
mation, even when these deformations occur within
the small-scale yielding regime (Wu and Cervera
2016). Secondly, such criteria can effectively distin-
guish between plane stress and plane strain conditions,
which is critical for accurate failure predictions.
Thirdly, strain measurement is much more straight-
forward than stress measurement, as it directly relates
to observable deformations and displacements. This
allows for the convenient application of in-situ
techniques like digital image correlation or
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photoelasticity to obtain strain distribution. Specifi-
cally for fatigue loading, industries prefer strain-based
fatigue life analysis because it provides more accurate
and reliable predictions by directly using experimen-
tally measured strain, which better represents material
behavior under complex or localized loading condi-
tions (Zhao et al. 1998). Fourthly, determining the
elastic modulus, particularly in inhomogeneous mate-
rials such as bone, can be complex due to material
variability, making stress evaluation from experimen-
tal data a challenging task (Dong et al. 2010; Wang
et al. 2023). Fifthly, since damage is often a strain-
controlled phenomenon in deformation-dominated
materials, strain-based criteria are generally more
suitable for cases where damage is the primary failure
mechanism (Challamel et al. 2005). Finally, strain-
based criteria often better capture the anisotropic
behavior of materials, particularly in composites and
other directionally dependent systems (Zywicz 1999).

2.1 MTSN model for quasi-static loading

The MTSN criterion in mode I loading, as proposed by
Chang (1981), postulates that failure occurs when the
maximum normal strain, €,, reaches its critical value,
€. = o /E, at a critical distance, [, from the notch root:

&y(le) = & (1)

As such, the MTSN falls within the TCD approach.
The normal strain (under plane stress conditions) and
the critical distance can be obtained as:

1

6=% (oy — voyx) (2)
k—;rﬁtiﬂz 3)

where v the Poisson’s ratio, 6, and oy are the stress
components in the Cartesian coordinate system (be-
fore crack nucleation) and K| is plane strain fracture
toughness. Interestingly, by setting v = 0 in Eq. (1),
the point method of (stress-based) TCD can be
recovered.

It is worth noting that, although Chang (1981)
originally proposed the MTSN criterion based on the
pointwise method, the criterion can be straightfor-
wardly rewritten based on the averaged strain along
the bisector line as follows:

@ Springer
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2.2 FFM model for fatigue loading

It is worthwhile to emphasize that the present analysis
focuses on the medium/high-cycle fatigue regime,
assuming that the dominant stage of crack growth
during fatigue life is stage II, where the crack
establishes perpendicular to the loading direction.
Consequently, in the analyses, only mode I relations
are considered. Additionally, it is assumed that the
effect of plastic zone size can be neglected, allowing
for the determination of the strain field and energy
release rate ahead of the notch tip using linear elastic
mechanics (see (Mirone 2004) for a deeper insight).
The FFM approach states that failure occurs when
both stress and energy conditions are simultaneously
satisfied, leading to the formation of a crack of length /
(Leguillon 2002; Cornetti et al. 2006). The FFM
criterion was extended to the finite fatigue life regime
by Mirzaei et al. (2023), based on the idea that the
input material properties, i.e. critical strength and
Stress Intensity Factor (SIF), evolve as functions of the
number of cycles N, following the SN data of both
plain and notched (cracked) samples. Focusing on
fatigue loading, the FFM approach for an arbitrary

Fig. 1 Schematic view of a notch geometry and Cartesian
coordinate system located at its tip



Strain based finite fracture mechanics for fatigue life prediction

Page 5 of 17 44

notched geometry, as shown in Fig. 1, can be repre-
sented by Eq. (6):

1

1
—/ oy(x)dx = g.(N) = a; N>
I'Jo

e 2 2 —b\? ©
?/0 K;(a) da = K;,(N) = (ax N~™)

The first equation addresses the stress requirement,
stating that at failure, the normal stress ©,, averaged
over the discrete crack advance, /, must meet the cyclic
strength, o.(N). The second equation involves the
discrete energy balance, which requires that the strain
energy release for a finite crack extension, /, equals the
cyclic fracture energy G.(N) times /. Note that in
Eq. (6), the energy condition has been rewritten in
terms of SIF by using Irwin’s relationship. It is worth
emphasizing that Eq. (6) is a system of two equations
in two unknowns, whose solutions are the critical
crack advance /f and number of cycles to failure Ny.
Both solutions are clearly dependent on material
properties and geometry. It can be seen that power law
equations are considered to capture the dependency of
material parameters on the number of cycles, N, which
will be elaborated on in Eqgs. (7) and (8).

2.3 EFFM model for fatigue loading

By coupling the strain and strain energy release
criteria in the framework of FFM (replacing the
average stress requirement in Eq. (6) with the strain
criterion Eq. (4)), the EFFM model for predicting the
fatigue life of notched components is achieved.

In order to develop the model for finite life
estimation, a couple of material properties are now
introduced: &; and Ky, here simply termed cyclic strain
and cyclic SIF at failure. It is assumed that &¢ and Kjg,
which are lower than their static counterparts €. and
Ki., depend on the number of cycles N, and their
variation in the medium/high cycle fatigue regime can
be captured by means of power-law relations (Susmel
2009; Ciavarella et al. 2017), namely:

o = i (N) = ac N (7)

Kif = Kif(N) = ap N~ (8)

where a., b, and ay, by are positive coefficients, which
are functions of both material properties and loading
conditions. Equations (7) and (8) are in the form of

Basquin’s equations (Basquin 1910). A more detailed
explanation of the determination of the coefficients is
provided in Sect. 3.

Then, by means of Egs. (7) and (8), EFFM can be
cast in the following form:

!
%/ &y(x)dx = a, N~"

0
L 2 A7—2b; ®)
7/0 Kj(a)da = a; N

Note that the latter equation coincides with the
second one in Eq. (6). Similar to Eq. (6), Eq. (9)
represents a system of two equations in two unknowns:
the number of cycles to failure Ny, and the crack
advancement /;. From a physical perspective, Eq. (9)
implies that failure is energy-driven, but a strain level
that is high enough must be present to trigger crack
propagation. Note that /; values for EFFM and FFM
criteria are clearly different.

Using linear elastic relationships, the maximum
normal strain amplitude can be expressed as g,
(x) = (0,/E) ge(x,v) where o, is the nominal (gross-
section) stress amplitude and g, is a proper function of
the spatial coordinate x and Poisson’s ratio v. Anal-
ogously, the SIF amplitude can also be defined as a
product of the nominal (gross-section) stress ampli-
tude and a geometrical function, Ki(a) = o, gk(a).
Note that the functions g.(x,v) and gi(a) are fixed for a
given geometry and material. Finally, Eq. (9) can be
rewritten as:

1/b. | %a : o
N=0"7|—— [ g(x,v)dx
0

E a,

o 2 i 71/})1(
N= ll/th—a) / g/%(a)da]
ai 0

Equation (10) can be solved using a procedure
analogous to Eq. (6). It is clear that the proposed
model is simple and easy to use, as it does not require
sophisticated coding. Moreover, it has a sound phys-
ical meaning without any fitting parameters.

(10)

@ Springer
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3 Experimental data for EFFM validation
and parameters calibration procedure

In this section, we briefly present the experimental
datasets used to verify the EFFM model. This includes
the material properties, geometrical specifications,
and loading conditions. The procedure for calibrating
the required parameters of the proposed model under
fatigue loading is also elaborated.

To verify the accuracy of the proposed model for
finite fatigue life estimation, five experimental data-
sets are considered. The first and second datasets
involve PLA samples with three different manufac-
turing angles (0, = 0°, 30°, 45°) (Ezeh and Susmel
2020), which were tested under two different load
ratios (R= — 1 and 0), while the third dataset
comprises Inconel 718 specimens (Solberg and Berto
2019) tested under a load ratio of R = 0. The fourth
and fifth datasets are related to samples made of
Ti6Al4V (Zamzami et al. 2020), which again were
tested under load ratios of R= — 1 and 0.1. The
geometry of the samples used in all datasets is shown
schematically in Fig. 2 with their respective geomet-
rical parameters. Table 1 summarizes the material
properties, geometrical specifications, and fatigue test
conditions of these datasets. For the first and second
datasets, 0, is the angle between the sample’s longi-
tudinal axis and its principal manufacturing direction
(see Fig. 2). In these datasets, despite varying manu-
facturing angles, the effect of filament orientation on
mechanical properties is deemed negligible. For a
more detailed analysis, refer to Ezeh and Susmel
(2019). Note that, due to the relatively small thickness
of the samples, as mentioned in Table 1, the

specimens are modeled under plane stress conditions,
and the calculations are based on this assumption.

In order to implement the EFFM approach for
cyclic loading, it is necessary to determine the
parameters a. and b, (Eq. 7) and gy and by (Eq. 8),
which describe the variation of the cyclic strain and
stress intensity factor at failure with respect to the
number of cycles, respectively. Whereas a. and b, are
determined using the strain-life data of a plain
specimen, a and by, can be obtained using SIF-life
data of a cracked sample (Carpinteri and Paggi 2009;
Castillo et al. 2014; Sanaei and Fatemi 2020; Miarka
et al. 2022). Strain-life can be calculated straightfor-
wardly using SN data and E, while the SIF-life
requires a simple calculation of the SIF for the cracked
geometry under the considered loading amplitude.

Based on the information provided above, the
simplest approach would be to exploit the data
referring to the two extreme cases of low cycle and
high cycle fatigue (fatigue limit, if it exists). A second
approach is to employ all the data within the range of
finite fatigue life and to perform an overall best-fitting
procedure for data with 50% survival probability.
Clearly, the second approach may result in higher
accuracy, due to the use of a larger dataset and
reducing the typically high scatter of fatigue experi-
mental data. Besides, obtaining data related to the two
extremes can be challenging, especially in case of
static loading (low cycle fatigue).

Observe that, in the case that a cracked specimen is
not available, an inverse calibration of Eq. (8) can be
performed using the data related to a notched sample
and Eq. (10): knowing the fatigue life and the applied
stress amplitude of the notched sample, the former

1

b)

Fig. 2 Geometries under investigation: a double symmetric V-notched sample; b double symmetric U-notched sample

@ Springer
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Table 1 Specification of the employed experimental data for fatigue life prediction

Set No  Material properties Geometrical specifications Loading ratio
Name E (MPa) v t(mm) W (mm) L (mm) Stress raiser (lengths in mm) R
1&2 PLA 3476 033 3 25 - plain specimen: ¢ = 6 — land 0O
86 U-notch: ¢ =6, r=3
82 U-notch: ¢ =6, r=1
86 V-notch: o = 35° ¢=6, r=0.15
3 Inconel 718 200 000 029 5 15 80 plain specimen: ¢ =7 0
semi-circular notch: ¢ =5, r=15
V-notch: « =90°, ¢c=5,r=1
V-notch: . =90° ¢ =5,r=0.1
4&5 Ti6Al14V 110 000 033 2.7 12.1 80* plain specimen: ¢ = 4.7 — 1 and 0.1

U-notch: ¢ = 5.8, r=0.7
U-notch: c =6, r=1.5
V-notch: o« =35° ¢c=4.7,r=04

*The length of samples was not presented in the paper; we assume it long enough to eliminate its effect

equation in the EFFM system provides [{N) and the
latter one yields Kif(V). Note that it is advisable to use
the sharpest notch geometry data to calibrate K¢(N), in
order to achieve the highest accuracy (Taylor et al.
2000; Susmel and Taylor 2007; Ciavarella et al. 2017).

In this paper, we adopt the second approach of
employing all the data within the finite life range.
Since a cracked geometry was not tested in the
experimental campaign (see Table 1), inverse calibra-
tion using the V-notched samples with the smallest
notch tip radii is employed to obtain a; and by. The
calculated parameters for all datasets are presented in
Table 2.

It is worth mentioning that the asymptotic stress
solution proposed by Mirzaei et al. (2021a) was
utilized to calculate the maximum normal strain along
the notch bisector line, i.e., the function g.(x,v). This
solution allowed us to determine the strain field ahead
of the notch tip, even at large distances by considering
the effect of higher order terms (Mirzaei et al.
2019, 2020) (the first three terms were considered in
this study). Additionally, Finite Element Analyses
were conducted for each geometry in order to compute
Kj as a function of crack length (i.e., the function g.(a))
and to validate the analytical expressions used for the
strain field. The samples were meshed using 8-node

Table 2 Calculated

Equation (7): & (N) = a, N~

Equation (8): Kj(N) = a; N~

Material R
parameters of the EFFM
model for the studied cases
PLA 0
—1
Inconel 718 0
Ti6Al4V 0.1

MPa v
a. = 0.014 a, = 15.20
b, = 0.161 b, = 0.276
a. = 0.042 ax = 7.600
b, = 0.232 b, = 0.208
a. = 0.651 ax =532.0
b, = 0.272 b = 0.317
a. = 0.042 ax = 48.30
b, = 0.303 by = 0.199
a. = 0.072 a, = 185.0
b, = 0.357 b = 0.291

@ Springer
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biquadratic elements, and a mesh convergence anal-
ysis was performed to ensure that the numerical results
were not affected by mesh size.

4 Results and discussion

In this section, we compare EFFM predictions with the
experimental datasets presented earlier and with the
theoretical approaches mentioned previously, specif-
ically the stress-based FFM and TCD approaches, to
evaluate the fatigue life of AM specimens. To the best
of the authors’ knowledge, the MTSN model is not
specifically designed for predicting finite fatigue
behavior in materials. Consequently, the comparison
of EFFM results is limited to other well-established
criteria, such as FFM and TCD. It is worth emphasiz-
ing that comparing the results with the Line Method
(LM, (Taylor 1999)), which is a part of the TCD
framework, is more appropriate because it also
involves stress averaging over the critical distance,
similar to how EFFM utilizes the strain field. How-
ever, LM cannot be applied to all datasets because, in
some cases, the critical distance exceeds the net width
of the PLA samples (Ezeh and Susmel 2020), illus-
trating one of the primary limitations of the TCD
method.

For the sake of brevity, the details of each model are
not fully discussed for fatigue tests. Nevertheless,
further information about TCD approach and its
necessary parameters are found in (Ezeh and Susmel
2020) for samples made of PLA, and in (Zamzami
et al. 2020) regarding samples made of Ti6Al4V.
Additionally, reference (Mirzaei et al. 2023) provides
comprehensive information on the FFM model for
finite fatigue life analyses.

Before presenting the results, it is advisable to
introduce two indicators that are used to quantify and
visualize the accuracy of the EFFM, FFM (Mirzaei
et al. 2023), and TCD (Susmel and Taylor 2007)
models against experimental data. First, we employed
the Symmetric Mean Absolute Percentage Error
(SMAPE), which ranges from 0 to 100%, with lower
SMAPE values indicating more precise predictions.
The formula we utilized for calculating the SMAPE is:

100 & ’Nf,exp_jvf"

SMAPE = —— (11)
n 4~ (Niexp + Ny)

@ Springer

where 7 is the total number of tests.

Second, following (Ince and Glinka 2011; Zhu et al.
2017), we evaluated the logarithmic error per each
data point, defined as:

Nt ex
Error = Log <%) = Log Nt exp — Log Ny (12)
i

Considering the logarithmic error as a statistical
variable, we computed its probability density function
(PDF). The PDFs shown in the figures are empirical
estimates derived using the SmoothKernelDistribution
function in Mathematica, which applies kernel density
estimation to the logarithmic residuals (LoglO[ex-
actData/predictedData]), rather than assuming a speci-
fic parametric form such as a normal or Weibull
distribution. According to Eq. (12), positive errors
correlate to conservative predictions and vice-versa.

For the specimens made of PLA (Zhu et al. 2017),
Figs. 3 and 4 present the experimental number of
cycles to failure and the corresponding theoretical
predictions using the EFFM, FFM, and TCD models
for the load ratios of 0 and — 1, respectively. It should
be noted that the horizontal axis represents the
estimated life, while the vertical axis corresponds to
the experimental data. The solid line (45° line)
indicates exact predictions, while the triangular region
above/below the solid line illustrates the conservative/
overestimating region. The dashed blue lines represent
1/3 and 3 scatter bands, and the dot-dashed gray lines
illustrate 1/5 and 5 scatter bands.

The results presented in Figs. 3 and 4 demonstrate
that the fatigue lifetime predicted by the EFFM model
is in good agreement with the experimental data
provided in (Ezeh and Susmel 2020). Comparing
EFFM to FFM, the proposed model provides higher
accuracy for R = 0 (SMAPE: 21.9% versus 33.2%)
and marginally improved accuracy for R= — 1
(SMAPE: 20.7% versus 21.4%). Furthermore, the
accuracy of the predicted results by the EFFM model
is higher compared to that of the TCD method. The
SMAPE values for the R = 0 case (Fig. 3) are 21.9%
and 50.3% for the EFFM model and TCD model,
respectively, indicating a significant improvement. A
smaller yet significant improvement is achieved for
R = — 1 (Fig. 4), with SMAPE values of 20.7% and
25.2% for the EFFM model and TCD model, respec-
tively. An interesting finding is that the same set of
data was employed in (Mirzaei 2024) to validate a
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Fig. 3 Number of cycles to failure for different notch
geometries and manufacturing angles made of PLA under
fatigue loading with loading ratio R = 0, experimental data
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novel machine learning-based model for estimating
the fatigue life of notched components, and the results
show that using the strain field as input yields slightly
more accurate predictions than using the stress field.
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Additionally, when comparing the logarithmic
error PDF, it becomes evident that the EFFM model
performs better in predicting the fatigue life of the
specimens. Figures 3 and 4 illustrate that the error
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Fig. 4 Number of cycles to failure for different notch
geometries and manufacturing angles made of PLA under
fatigue loading with loading ratio R = — 1, experimental data
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distribution of the EFFM model is more compact and
exhibits smaller variance. This indicates that the
results predicted by the EFFM model are more
consistent and reliable. In contrast, the TCD approach
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tends to yield nonconservative fatigue life estimations,

particularly for the case with R = 0.

Regarding the dataset consisting of specimens
made of Inconel 718 (Solberg and Berto 2019),
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Fig. 5 presents the predictions of fatigue life obtained
employing EFFM, FFM and TCD methods, along with
the corresponding experimental values. Additionally,
it includes an analysis of the error PDF for further

evaluation.
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The results presented in Fig. 5 provide compelling
evidence that both EFFM and FFM models outperform
the TCD approach in predicting the fatigue life of
specimens made of Inconel. Specifically, the lower
SMAPE values achieved by the EFFM and FFM
models (around 7.6% for both approaches) compared
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to 12.3% for the TCD approach, indicate that the
predicted fatigue life values are closer to the actual
experimental values.

Figures 6 and 7 illustrate the experiments and the
related theoretical predictions using the EFFM, FFM,
and TCD models for the load ratios of 0.1 and — 1 for
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Fig. 6 Number of cycles to failure for different notch
geometries and manufacturing angles made of Ti6Al4V under
fatigue loading with loading ratio R = 0.1, experimental data
(Zamzami et al. 2020) vs. estimations by a EFFM, b FFM and
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the specimens made of Ti6Al4V (Zamzami et al.
2020).

The fatigue life estimations for the Ti6Al4V alloy
weakened by different notch geometries, as shown in
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Figs. 6 and 7, highlighted the overall stability and
reliability of the proposed EFFM model. While the
EFFM model did not consistently have the lowest
SMAPE values across all conditions compared to the
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FFM and TCD methods, it exhibited stable perfor-
mance with relatively consistent predictive accuracy.
This stability is crucial for ensuring reliable fatigue
life predictions under the diverse loading scenarios
presented here (R = 0.1 and R = — 1). The PDFs of
the logarithmic error further support this, indicating
that EFFM maintains a balanced error distribution.

Besides the reasons mentioned in Sect. 2 for
adopting a strain-based failure criterion, to further
justify the more stable results of the proposed strain-
based criterion compared to stress-based ones—
specifically for the given set of experimental data—
it can be noted that the layer-by-layer deposition in
AM introduces microstructural anisotropy and defects
(e.g., pores, lack of fusion, or residual stresses) that
lead to localized strain concentrations. Furthermore,
the anisotropic and heterogeneous nature of AM
materials, influenced by build orientation and process
parameters, makes strain-based approaches particu-
larly effective in capturing direction-dependent dam-
age evolution and failure patterns, especially for the
first two datasets, where the material properties of
different layers were averaged for use in the calcula-
tions. Finally, although the materials considered in this
research were modeled as brittle, they are made of
metal- or polymer-based materials and, based on the
experimental load—displacement curve data, exhibited
non-negligible extension beyond the elastic regime. It
is worth mentioning that the aim of this research paper
is not to showcase superior behavior but to compare
the results with well-established criteria and provide a
physically sound model. The focus is on proposing a
fatigue criterion that is both valid and accurate,
particularly in scenarios where strain is more reliable
than stress, as discussed in Sect. 2. However, the
proposed model generally performed the best among
all three approaches. Further examination of other
materials under diverse loading conditions, such as
multiaxial loading, will help better assess the model’s
performance.

5 Conclusions

This paper proposes a new fatigue criterion called
EFFM to assess the failure behavior of additive
manufacturing materials. The model combines the
non-local maximum normal strain criterion and Grif-
fith energy balance, hence eliminating the need for

@ Springer

empirical relationships to determine the critical
distance and enabling the latter to account for crack
initiation in a body without pre-existing cracks. The
EFFM model predicts the fatigue life of any notch
geometry using two material parameters that vary with
the number of cycles according to power law equa-
tions. These parameters are cyclic strain and stress
intensity factor at failure, which are obtained from
strain-life data of plain and SIF-life of notched
specimens.

To comprehensively evaluate the proposed model,
five different sets of available experimental data
involving various materials weakened by different
notch geometries under diverse loading conditions
were utilized. Using the SMAPE index and the PDF of
logarithmic error, the EFFM model generally demon-
strates greater accuracy and exhibits more stable per-
formance than stress-based FFM and TCD in fatigue
life estimation across various datasets for AM mate-
rials. It is worth emphasizing that the proposed
approach can be used not only for AM samples but
also for all other materials that fail under strain-
controlled conditions.
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