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A novel model is proposed to assess the fatigue lifetime of notched components under uniaxial loading conditions
in the medium/high-cycle fatigue regime. It is based on the Finite Fracture Mechanics approach, previously
proposed in static and fatigue limit frameworks, according to which failure occurs when a stress and an energy
condition are simultaneously satisfied. Basquin’s equations are employed to catch the variation of input pa-
rameters based on SN data of a plain and a notched sample. The criterion is validated against various experi-

mental data sets from the literature, encompassing different notch shapes, loading conditions and materials.

1. Introduction

Cracks, notches and holes are present in mechanical structures either
for design purposes or due to wear and tear from usage and environ-
mental conditions. Acting as stress raisers, they define the load-bearing
capacity and operating time of the structural component. In this
framework, fatigue failure i.e, the initiation and propagation of cracks in
a material due to cyclic loading, represents undoubtedly the most
common failure mechanism. Regarding deformations, the phenomenon
can be categorized into low-cycle and high-cycle fatigue. The former is
characterized by significant, repeated plastic deformation in each cycle,
causing the material to undergo changes in its microstructure. In
contrast, high-cycle fatigue typically involves lower stress amplitudes
and is generally governed by elastic deformation, as the stress levels are
below the yield stress. The arbitrary classification between high cycle
and low cycle fatigue is typically based on the number of cycles and is
often set around 103-10* cycles. It is worth to emphasize that the pro-
posed model may not provide reasonable results for low cycle fatigue.

Focusing the attention on the linear elastic notch mechanics, the
former studies addressing the failure behavior with an approach based
on an structural length are those by Neuber [1] and Peterson [2]. They
argued that the stress at a finite distance from the notch tip could be
representative to assess the crack onset inside a structural element.
However, it was only some decades later that the idea caught on through
the formalism of the Theory of Critical Distances (TCD) by Taylor [3]
and Susmel [4]. The linear-elastic TCD has proved to be highly accurate
not only in predicting the fatigue limit, but also in estimating the fatigue
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lifetime of notched components failing in the medium-cycle fatigue
regime [5], approximately between 10* to 10° cycles. Such an extension
assumes that the critical distance decreases as the number of cycles in-
creases by following a power law behavior. The two parameters
describing the relationship depend on the material and loading ratio.
Since both the critical distance and fatigue strength depend on the
number of cycles, an iterative approach was proposed to get the number
of cycles to failure. It is interesting to note that, in this framework, the
TCD approach in the form of the line method has been found to be more
accurate than the point method [6]. Due to its simplicity and robustness,
the TCD has recently been developed to a variety of fatigue conditions,
from torsional [7] to multiaxial [8,9] and variable amplitude loading
[10-12]. The fatigue behavior of additively manufactured samples was
also investigated [13-16].

A somehow similar approach is that proposed by Lazzarin and
Zambardi in 2001 [17], and named averaged Strain Energy Density
(SED) criterion. The basic idea is to compare the strain energy evaluated
in a finite volume around the notch tip with a critical value that depends
on the material properties; as the finite volume is determined by the
material properties, this approach can also be considered a TCD model.
The SED method was proposed to estimate the static and fatigue life of
components weakened by sharp V-notches [17] and later extended to
fatigue failure in different scenarios, like weldments [18], multiaxial
loading conditions [19], and additively manufactured materials
[20,21]. It is worth noting that TCD and SED predictions on the finite
fatigue life of notched components were compared in [6] for several sets
of experimental data. It was concluded that both approaches are capable
of accurately predicting the lifetime of notched components, but TCD
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Nomenclature

a Length of a crack emanating from the notch root

ay, by Basquin’s parameters for Ky

as, by Basquin’s parameters for o,

g Geometrical function for the stress intensity factor (SIF)
function

gs Geometrical function for the normal stress field

K Mode I SIF

K. Plane strain fracture toughness

Ky SIF at failure

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

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

Is Crack advancement for the FFM formulation in the static

regime

Iz Crack advancement for the FFM formulation in the fatigue
limit regime

ltcp Critical distance for fatigue problems based on TCD

N Number of cycles

N Number of cycles to failure

R Loading ratio

o Notch opening angle

AKy, Threshold value of the SIF range

Aoy Plain fatigue limit

P Notch radius

0q Nominal (gross-section) stress amplitude

o Fatigue strength

of Failure stress

oy Ultimate tensile stress

oy Normal stress field

proved to be more robust for particular structural configurations, such as
U-notches with low stress concentrations.

In the static framework, TCD and SED approaches are based on a
length (the critical distance and the radius of the control volume,
respectively), which is a material property. Actually, this can reveal
detrimental for certain configurations, such small size devices, where
this material length approaches (or even exceeds) the structural
dimension. In order to overcome this drawback, Leguillon [22] and
Cornetti et al. [23] introduced a coupled fracture criterion, usually
referred to as Finite Fracture Mechanics (FFM). Similarly to TCD, FFM
assumes that the crack extension occurs by finite amounts. Differently
from TCD, the failure load and the critical distance are obtained by
coupling two distinct requirements, a stress and an energy condition.
Consequently, the finite crack extension becomes a structural param-
eter, i.e. it depends also on the geometry, differently from the TCD
approach where the critical distance is just a material parameter. In the
static framework, FFM was successfully exploited to assess the failure
behavior of structures weakened by cracks, sharp or blunt V-notches,
under mode I [24,25], mode II [26,27] or mixed mode loading condi-
tions [28-31]. Later on, the approach was extended to fatigue scenarios
encompassing - in the fatigue limit regime under uniaxial loadings - the
crack-notch sensitivity [32], the effect of U- and sharp V-notches [33]
(even under torsion [34]), welded T-joint fatigue behavior by consid-
ering residual stress [35], and the size effect of spheroidal voids and
corrosion pits [36]. Recent comparisons between TCD and FFM esti-
mations on the fatigue limit of V-notched components were performed
by Shen et al. [37] and Liu et al. [38]. It was shown that the results by
both criteria are similar, while FFM provides higher accuracy for blunter
notches since the critical distance depends on the radius of curvature.
Before proceeding, let us underline that several studies in the Literature
[39,40] confirm that the critical distance is related to geometrical
properties, thus supporting the hypotheses under which FFM was put
forward.

In this paper, we present a fatigue failure criterion based on FFM to
estimate the lifetime of notched components under constant amplitude
uniaxial loading with given load ratio. The analysis is limited to the
medium/high-cycle fatigue regime, under the assumption that stage II,
where the crack growth is perpendicular to the loading direction, is the
dominant stage during fatigue life. Therefore, the study will refer just to
mode I loading conditions. The plastic zone size being negligible in the
medium/high-cycle fatigue regime, a linear elastic mechanics will be
exploited to determine the stress field and energy ahead of the notch tip.
The FFM model is introduced in Section 2 and validated through
available experimental data sets from the Literature in Section 3. Section
4 is voted to conclusions.

2. Finite Fracture Mechanics

In the static framework, FFM is a failure criterion based on a discrete
crack extension, Is, and on the simultaneous fulfilment of two condi-
tions: a stress requirement and the energy balance [22,23]. Considering
an arbitrary notched geometry (Fig. 1) under mode I loading, the FFM
criterion (in its averaged version) reads:

1 [
T / oy(x)dx =0,
S JO

L[ 2
E/() K;(a) da = K;,

@

The first equation represents a stress condition, according to which
failure occurs when the normal stress oy, averaged over a discrete crack
length Is, achieves the ultimate tensile stress 6. The second describes the
energy balance: failure happens when the available energy release rate
G for a crack extension Is reaches the fracture energy G.. This condition
is rewritten in Eq. (1) in terms of the stress intensity factor (SIF) K; and
fracture toughness Kj. by employing Irwin’s relationship K; = /(E G /(1
— 7)), where E is Young’s modulus and v is Poisson’s ratio of the ma-
terial. Equation (1) represents a system of two equations in two un-
knowns: the critical crack advance Is;, which is a structural parameter
(since it depends on both the material and the geometry), and the failure
stress oy, implicitly embedded in the 6,(x) and K;(a) functions. Note that,
strictly speaking, the two equations in Eq. (1) should be two inequalities
(with the left hand side larger than the corresponding right hand side)
and the failure load is the minimum value fulfilling both them. However,
for monotonically decreasing stress field oy,(x) and monotonically
increasing SIF Kj(a) (which is the the case considered herein), it can be
easily checked that the minimum load is achieved when the two in-
equalities are strictly verified and, thus, Eq. (1) holds.

Fig. 1. Blunt V-notch geometry and Cartesian coordinate system located at the
notch tip.
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On the other hand, the extension of FFM to estimate the fatigue limit
of notched elements can be formalized as follows [32,33]:

1 [

— [ Ac,(x)dx = Aoy
I Jo )

1 [

— | AK}(a)da = AK,

lR 0

(2

where Ao represents the fatigue limit or the high-cycle fatigue strength
of the plain material, and AK, denotes the threshold value of the SIF
range for long crack propagation. It is worth noting that both material
properties (Acy and AKy,) are referred to the same load ratio R, which
characterises also the cyclic load applied to the considered notched
component. Keeping the same physical meaning of its static counterpart,
Eq. (2) represents again a system of two equations in two unknowns: the
critical crack advance lg;, which interacts with the geometry under
investigation, and the fatigue strength Aoy

2.1. Fatigue lifetime estimation

As aforementioned, FFM can be employed to assess the failure
behavior of notched components once the following material properties
are provided: 6, and K|, for the static case, Eq. (1); Acg and AKy, for the
fatigue limit case, Eq. (2). In order to develop the FFM approach for
fatigue life estimations, which lie in between the previous cases, a pair of
material properties is now introduced, ¢, and Kj;, representing the crit-
ical cycle stress and SIF amplitude, respectively. It is supposed that each
of them depends on the number of cycles N by means of a power law
relationship [4,41], namely:

6.=06.(N)=a;, N> 3
Ky =Ky(N) =a N™™ (O]

where a,, bs and ay, by are positive numbers, which reveal to be functions
of material properties and loading conditions and can be derived by
fitting experimental fatigue data (with 50% survival probability)
generated from plain and cracked specimens, respectively, tested under
uniaxial loading with the considered load ratio.

Equations (3) and (4) are also known as Basquin’s equations [42].
The applicability of Eq. (3) is well-known. On the other hand, to justify
Eq. (4), it can be argued that SN data for a cracked geometry approxi-
mately follow a line in the log-log plot, as illustrated in several studies
[43-46]. Nevertheless, the process of machining sharp cracks proves to
be challenging, in which the root radius always plays a role. A detailed
discussion on the calibration of as, bs (Eq. (3)) and ak, bk (Eq. (4)) will be
provided in Section 2.2.

All in all, in order to assess the lifetime of notched components, FFM
can be generalized as follows:

3 [owan=am

o ®)
7%@@M:@W

Once 6.(N) and Kj{N) are known by means of Egs. (3) and (4), Eq. (5)
can be cast in the form:

1

1

7/ o,(x)dx = a, N
0

L (6)

7/ K(a)da = a N2
0

Note that Basquin’s equation holds true only in the middle number of
cycles range, and thus limit cases are not covered by Eq. (6). However,
the simplified form Eq. (6) allows us to proceed semi-analytically. In
fact, assuming the normal stress and the SIF as the products of the
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nominal (gross-section) stress amplitude o, times a geometrical shape
function, 6,(x) = 64 g&(x) and K(a) = 64 g(a), Eq. (6) can be definitively
rewritten as:

o [ —1/by
N = [/ {—“/ &) dx}
as Jo

N= z‘”{(‘;—:)z/o] gi(a)da}

According to Eq. (7), the two FFM unknowns are now represented by
the number of cycles to failure Ny, and the critical crack advancement .
In the proposed approach, it is important to note that Ny corresponds to
the number of cycles at which a crack with a length of I would appear.
For a fixed material and loading ratio, by equaling the right-hand sides
of both equations, and solving the implicit equation in [, the critical
length If can be achieved for different stress amplitudes o,. The value of I
must be then substituted into one of the two equations in (7) to get the
number of cycles to failure, Ny.

Note that the coupled FFM approach can also be presented consid-
ering a “pointwise” stress criterion [22] instead of an averaged one:

@)

1/

oy(x=1)=0.(N)

1, ) ®
7/&@M:@m
0
Analytical manipulations similar to the previous one lead to:
—1/bs
04

N= {— gs(l)}

€)]

—1/b
o | (0 2 X bk
N = |1 = gi(a)da
(23 0

which can be solved analogously to Eq. (7). Note that the term pointwise
is not rigorous since it is required 6, > o, over the whole length L
However, since the stress field is monotonically decreasing, this condi-
tion is consistent with the first equation in Eq. (8).

2.2. Calibration of as, bs and ay, by

In order to estimate a; and by a best fitting interpolation procedure
can be applied to the experimental data related to plain samples, thus
referring to classical Wohler’s curves. Related tests are commonly car-
ried out for different material and loading ratios/conditions, following
specific standard codes. The calibration procedure must refer to the
medium/high cycle regime, since the failure behavior is generally
different in the low cycle regime. As already outlined, depending on the
material, the linear elastic assumption could be inaccurate for N < 10°-
10* and using stress-based approaches over this range can lead to
considerable error in calculations. Although two SN data are sufficient to
calibrate a; and b, due to the typically high scatter of fatigue experi-
mental data, it is recommended to employ more data (covering the
whole range of interest) to increase the accuracy of the estimation. In
Section 3 this task will be accomplished by means of an interpolation
procedure based on linear least squares in the log-log plane.

On the other hand, in order to estimate ax and by one can refer to
experiments related to a sharp cracked geometry, or to a sufficiently
sharp V-notched one, taking into account that Williams’ eigenvalues are
approximately constant over the amplitude range 0° < @ < 90° [47]. If
either experimental results on sharp cracks or V- notches are not avail-
able or the presence of the root radius is not negligible (as it happens for
most notched configurations), a second approach can be proposed. It
employs an inverse calibration of Basquin’s equation (Eq. (4)) by
considering experimental data (in the medium-high cycle regime)
related to a notched sample. Note that if data related to different
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Experiments on a (sharp)
notched geometry

Experiments on plain samples:

a(N), Eq. 3)

FFM, Eq. (5)

|

Calibration of K;(N), Eq. (4)

FFM system, Eq. (7)

|

N/‘, lf

for a generic notched geometry

Fig. 2. Flowchart representing the procedure to employ the FFM model for a given material and loading ratio.

250F — FFM 250 — FFM
200 4 Experiments 200 ¢ Experiments
~ 150 ~ 150
= )
g S
= 100} ~ 100
= =
) S
L ]
L]
s0f . 50
1x10* 5%x10* 1x10° 5%105 1x10° 1x10* 5x10* 1x10° 5%10° 1x10°
Ny Ny
a) b)
250F o — FFM 250 — FFM
200 = Experiments 200 + Experiments
* *
- 150 - 150
= - = o
n_‘ - a" *
= =
= 100 = 100 .
= = .
S )
50 50
1x10* 5x10* 1x10° 5x10° 1x10° 1x10* 5x10* 1x10° 5%10° 1x10°
Ny Ny
¢) d)
Fig. 3. Nominal (gross-section) stress amplitude vs. number of cycles to failure for different notched samples made of EN3B steel (R = — 1), a) V-notch, b) U-notch,

¢) Hole p = 1.75 mm, d) Hole p = 4 mm. Solid black lines refer to the predictions by average FFM formulation (Eq. (7)) and the experimental data from [5] are shown

by markers.

configurations are available, it is advisable to utilize the sharpest ge-
ometry to calibrate ax and b, coherently with previous observations and
studies [5,41,48]. More in detail, once the applied stress and the number
of cycles to failure are known experimentally, from the first equation of
the system (5), I is recovered; then, the second equation provides Kj.
Repeating the procedure for different stress amplitudes (it is again rec-
ommended to employ more data covering the whole range of interest)
allows one to get Kif = Kiy (N) and thus the calibration of ax and by
through a simple interpolation procedure based on linear least squares.

In summary, the flowchart in Fig. 2 shows the steps to employ for
FFM estimation on the fatigue life of notched components.

3. FFM validation

In this section, the FFM model presented in Section 2 is validated
against experimental data referring to different notch shapes and sizes,
loading conditions, and materials [5,13,49]. In order to evaluate the
shape function gs(x) related to the normal stress oy, = 0,(x) for all ge-
ometries, the asymptotic stress approach proposed by Mirzaei et al. [50]
is employed. The proposed solution allows to obtain the stress field
around different notch shapes over short to long distances, by consid-
ering the effect of higher order terms [51]. On the other hand, FE ana-
lyses are carried out for each geometry through Abaqus® software to
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Fig. 4. Number of cycles to failure for different notched samples made of EN3B
steel (R = —1): experimental data [5] vs. FFM predictions according to the
average a) and the pointwise b) formulations. The dashed lines represent 1/3
and 3 scatter bands.

determine the shape function g(a) related to K; = Kj(a), for a wide range
of a. Samples are meshed by 8-node biquadratic elements, and conver-
gence analysis is conducted to ensure the independence of numerical
results from the mesh size.

3.1. Different notch shapes

Let us start the validation of the FFM model by employing the
experimental results presented in [5] and referring to single edge
notched plates made of EN3B steel, plain or weakened by different notch
shapes: a V-notch with an opening angle @ = 60° and notch tip radius p
= 0.12 mm; a U-notch (@ = 0°) with p = 1.5 mm; a central circular hole
with two different radii, p = 1.75 and 4 mm. Tests were performed under
tension-compression loading (loading ratio R = —1), and the number of
cycles to failure Ny was determined by 50% decrease in initial stiffness.
More details can be found in [5]. Using a best fitting procedure on
experimental data for the plain specimens, we got 6, = 935 N_%197 MPa,
Eq. (3). On the other hand, considering all data related to the V-notch
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g
g
=
1.
A
0.5 : : :
1% 10* 5%x10* 1x10° 5%x10° 1x10°

Ny

Fig. 5. Crack advancement (critical distance) I as a function of number of
cycles for the V-notched geometry [5]: FFM (symbols) and TCD (solid line)
estimations.

geometry (which is the sharpest one) to calibrate ay and by in Eq. (4),
yields Kjy = 1530 N0-381 MPa\/ m for the average FFM formulation (Eq.
(5)), plus Ky = 504 N0:300 MPa\/m for the pointwise one (Eq. (8)). In
Fig. 3, the amplitude of the nominal (gross-section) stress and its cor-
responding number of cycles to failure (SN diagram) for each notched
geometry are plotted along with predictions of average FFM formulation
(Eq. (7).

For this set of experimental data, the model performance is quite
good for V- and U-notches. However, when applied to holes, it is slightly
unconservative for lower cycles, then conservative for higher cycles. To
have a more thorough assessment of the proposed model, Fig. 4a shows
the fatigue life predictions using FFM average version (Eq. (7)) vs. its
corresponding experimental data, and Fig. 4b is related to the pointwise
version (Eq. (9)). In Fig. 4 the horizontal axis shows the estimated life,

107 T T g —
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1 06 L O x.' '0/
N ’.‘. "‘.
2% PV i
/Cg A W
< 10°F o L
z ,O". é "/
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104 'o/ 'o" + Hole p = 4mm
/" ’." = Hole p = 1.75Smm
[ '," s V=Notch bending
'." o U-Notch bending
1000 z . . t
1000 104 105 106 107
Ny

Fig. 6. Number of cycles to failure for different notched samples made of EN3B
steel (R = 0.1): experimental data [5] vs. FFM predictions. The dashed lines
represent 1/3 and 3 scatter bands.



A.M. Mirzaei et al.

108 —
PR
." 0’
R
," i -
0' l'
’ m S
o
107} R=0.914 o
. .
.
R * 54
o o
” &
S, "
o ., .
10%F R
q ’ ‘O 'O
< R s
= R o
. .
5 R .
10°¢ RGN R
-'. 0' ’ ."
S .
o, R
v""" 0' 0
N l' O' N
o SN p =012 mm
4 R o
L . e .
10 S,
P e p =025 mm
. R
F o AR
.
. R p =05 mm
l' ."
JagRe p =15 mm
1000 IRANCAN L L T
1000 10* 10° 10° 107 108

International Journal of Fatigue 173 (2023) 107659

Ny

Fig. 7. Number of cycles to failure for samples weakened by a circular hole:
experimental data on Al 2024-T351 (R = —1) [49] vs. FFM predictions. The
dashed blue lines represent the scatter bands of 1/3 and 3, whereas the dotted-
dashed gray lines illustrate the scatter bands of 1/5 and 5. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

and the vertical axis illustrates the experimental number of cycles to
failure. Therefore, the region above the solid black line refers to con-
servative predictions.

From Fig. 4, it can be argued that FFM predictions of fatigue life for
different geometries are promising, considering the range of data from
10* to 10°® cycles. All average stress FFM predictions from Eq. (7) are
comprised in the scatter band 1/3 and 3; the results by the pointwise
FFM formulation, Eq. (9), are less accurate, even if on the conservative
side. In order to have a check on model performances, R-squared error
(R? or the coefficient of determination) is employed referring to the
natural logarithm transformation of the data. In this case, for FFM-
average, it is equal to 0.702 and to 0.649 for FFM-pointwise. Accord-
ingly, we will present the estimations only by the first (i.e., average
stress) FFM approach (Eq. (5)) onwards.

Finally, in order to further discuss FFM parameters, the crack
advancement Ir is presented for the V-notched geometry in Fig. 5.
Approximating If by linear regression yields Iy = 245 N0-406,

In this figure, the TCD critical distance, Itcp = 2 x 67.4 N0342 (see
Eq. (17) in [5]), is also reported. As expected, the crack advancements
for both methods are similar, particularly for lower cycle regimes. It is
worthwhile to emphasize once more that lycp is assumed to vary ac-
cording to a power law equation on N, thus representing an input to the
model. On the contrary, Ir becomes an output of the system in Eq. (8)
according to the proposed FFM approach.

3.2. Different uniaxial loading conditions

In order to demonstrate the applicability of the FFM model in fatigue
life estimation for different notch shapes under different uniaxial
loading conditions, another set of experimental data related to EN3B
steel and reported in [5] is taken into account. It refers to six notched
geometries tested under tension-tension (R = 0.1), under either tensile

0.6 —— Ny=10*
-—-- N;=10°
0.5 —— Ny =106
< 04
L
=
S 03
0.2
0.1
0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
p (mm)
a)
1x10°
— 0,=0280,
5x 105t - 0,=033 0,
S ——.0,=040 0,
~
~
\\
N ~
S Ix10F N \\
5x104f AN N
N ~
N AN
\\ \\\
N S~
1x10* ; >, R :
0.1 0.2 0.5 1 2
p (mm)
b)

Fig. 8. a) effect of the hole radius on nominal (gross-section) stress amplitude
for constant fatigue life. b) effect of the hole radius on the fatigue life under
constant applied stress in a log-log plot. Results refer to Al 2024-T351 samples
[49] geometry under tension—compression loading conditions (R = 1).

or bending loading conditions. The tensile samples have the same ge-
ometry as those reported in Section 3.1. The bending specimens (which
are about 4 times thicker than tensile ones) consist of an edge V-notched
plate with an opening angle a = 45° and radius p = 0.383 mm, and an
edge U-notched (a = 0°) plate with p = 5 mm.

For this data set, we obtain 6. = 1920 N %178 Mpa (Eq. (3)), and Ky
= 436 N"%32 MPay/m by calibrating ax and by using the tensile V-
notched geometry (i.e., the sharpest one, Eq. (4)).

From Fig. 6, it can be seen that the predictions of the proposed model
are in good agreement with the experimental results. Basically, they
reveal more conservative for the bending samples. This can be explained
in light of the fact that SN data related to the plain specimens differ from
tensile to bending loading conditions [52,53]: for the range of cycles
considered between 10* and 108, plain specimens under bending have a
longer fatigue life, ranging from 18 to 10 percent, respectively [5].
Hence, more accurate results can be obtained by calculating the strength
variation (i.e., calibrating as and b;) on the data related to the bending
loading conditions. Furthermore, the considerable difference -more than
four times- in terms of thickness may contribute to the lower accuracy
since 3D effects are ignored [54-56].
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3.3. Failure size effect

The failure size effect in solid mechanics has drawn scientific
attention for years, as it plays a major role in the engineering design of
small to big structures. To check the ability of FFM to catch the phe-
nomenon in fatigue life predictions, the data related to a plate weakened
by circular holes having different radii (p = 0.12, 0.25, 0.5, 1.5 mm) is
considered [49]. Because the fatigue lives range from 10* to 108, this is
an intriguing set of experiments to demonstrate the model’s applica-
bility after calibration over a wide range of cycles. The involved material
was a high-strength aluminum called Al 2024-T351, and tests were run
under tension-compression loading conditions (R = —1). In this case,
after determining o, = 1380 N~%14 MPa (Eq. (3)), and employing all the
data related to the hole with p = 1.5 mm for the calibration procedure,
Ky=647N" 0.205 MPa+/m is estimated. On the other hand, choosing the
smallest hole (which is also admissible in absence of a sharp geometry)
as the reference would lead to Kjy = 26.6 N~ 0170 MPa+/m, affecting
slightly the related predictions.

It can be argued that FFM results are in reasonably good agreement
with experimental data, Fig. 7. The model provides predictions within
the scatter bands of 1/3 and 3 life factors for p = 0.5 and 0.25 mm
(which are 3 and 6 times smaller). On the other hand, considering the
smallest hole with p = 0.12 mm (12.5 times smaller than p = 1.5 mm),
fatigue life estimations fall in 1/5 and 5 life scatter bands. It is worth-
while noting that some studies in the Literature predicted this set of
experimental data with higher accuracy [39,40], but they required the
calibration of additional parameters, revealing thus more complex.

In Fig. 8, a parametric study is performed to show the effect of hole
radius on the lifetime of notched components. Considering Fig. 8a, it can
be seen that by increasing the fatigue life, the effect of the notch radius
decreases. Fig. 8b shows that the notch effect is higher for lower applied
stress (high cycle fatigue). Both figures illustrate that the smaller hole
radius, the higher its effect on fatigue life i.e., the higher the number of
cycles to failure.

3.4. Additively manufactured samples

In order to further validate the model, a non-metallic material is now
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Fig. 10. Number of cycles to failure for different notched samples made of
Inconel 718 (R = 0) [58]: experimental data vs. a) FFM, b) TCD predictions. The
dashed lines represent the scatter bands of 1/3 and 3.

considered, polylactide (PLA) [13]. Specimens were double edge
notched - a V-notch with a = 35°, p = 0.383 mm and a U-notch with p =
1 mm - with width and net width of 12.5 and 3 mm, respectively, and
were tested under zero-tension loading conditions (R = 0). The samples
were fabricated using Fused Deposition Modeling technology in their as-
built condition. Three different manufacturing angles were taken into
consideration: 6, = 0°, 30°, and 45°, where 6, represents the angle be-
tween the longitudinal axis of the sample and the principal direction of
manufacturing. Related stress vs. strain curves proved the validity of
using a linear-elastic model [11]. Besides, the material behavior is
assumed to be homogeneous and isotropic, coherently with the analysis
carried out by Ezeh and Susmel [57]. Indeed, the Authors performed a
large number of experimental tests on PLA, arguing that the effect of the
filament’s orientation on fatigue performances could be ignored.
Considering plain specimen, it is determined o, = 47.8 N~ %161 MPpa,
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whereas employing the data related to the sharpest notch to calibrate ai
and by result in Kjf = 25.9 N~°1%° MPay/m.

Despite the simplified assumptions, it can be seen that the FFM is
able to estimate the fatigue lives of additively manufactured specimens
with different manufacturing angles within the band of 1/3 and 3 life
factors (Fig. 9). On the other hand, this set of experiments illustrates one
important peculiarity of FFM: the crack advancement is not only a ma-
terial constant but also a geometrical property. As a matter of fact, TCD
approach in the form of the line method cannot be applicable in this
case, because the critical distance exceeds the net width of the geometry
[13]. This behavior already emerged in the static failure regime, both for
plain and cracked elements [23,36].

Finally, another set of experimental data related to additively man-
ufactured materials is taken into account [58]. It refers to Inconel 718:
double edge notched specimens were machined using selective laser
melting with manufacturing angle 6, = 0° and tested under zero-tension
loading conditions (R = 0). The notched geometries consisted of a V-
notch a = 90°, with two different radii p = 0.1 and 1 mm, plus a semi-
circular notch with p = 5 mm.

Coherently with what done before, we assume again that the mate-
rial behavior is homogeneous and isotropic. According to the results
from the plain geometry and the sharpest V-notched (p = 0.1 mm) one,
the following critical parameters are obtained: o, = 13000 N~%%72 MPa
and Kjy = 555 N~%31% MPay/m. Fig. 10a shows a very fine correlation
between FFM predictions by Eq. (7) and experimental data, all these
lying in between scatter bands. For this data set, TCD is also employed in
the version of line method [5]: related results are reported in Fig. 10b.
Comparing Figs. 10a and 10b, we can argue that, for this set of experi-
mental data, FFM predictions are slightly better than TCD’s one.

4. Conclusions

From the present investigation, conclusions can be itemized as
follows:

1. A novel criterion for finite life estimation of notched components
under uniaxial cycling loading was proposed by extending the
coupled FFM approach to fatigue.

2. Basquin’s equations are used to calibrate the strength and SIF at
failure by employing SN data of a plain and a (sharp) notched ge-
ometry, respectively. After calculating the proper geometrical shape
functions for the stress field and SIF, the FFM approach predicts the
lifetime of any notched geometry under different loading ampli-
tudes, given the material and loading ratio.

3. Comparison with experimental data sets related to different notched
structural configurations proved the soundness of the model.

4. The effect of the notch radius and applied stress on the fatigue life-
time of a circularly holed plate was assessed. Results revealed that
FFM is able to predict successfully the size effect of notched com-
ponents over a wide range of lives.

5. The FFM crack advancement is a function of both the material and
the geometry (beyond the loading ratio and the number of cycles to
failure). This means that FFM can be employed for structures where
the TCD critical distance approaches or exceeds the net width of the
specimen, being thus inapplicable or unreliable.

6. Further developments of the FFM model in the framework of lifetime
of notched components include the case of variable amplitude
loading, multiaxial loading, and three-dimensional effects.
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