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Abstract: The industry of off-highway vehicles is one of the fields of major application of nodular
cast irons, which guarantee the manufacture of complex geometries and ensure good mechanical
properties. The present investigation deals with the fatigue design of off-highway axles made of
EN-GJS-500-7. Typically, off-highway axles are weakened by stress risers which must be assessed
against fatigue. In this investigation, laboratory specimens have been extracted from an off-highway
axle to take into account the manufacturing process effects. Different specimens’ geometries have
been prepared, including plain, bluntly notched and sharply V-notched specimens, and constant
amplitude, load-controlled axial fatigue tests were conducted using two nominal load ratios,
namely push-pull and pulsating tension loading. As a result, both the notch and the mean stress
effects on the fatigue behaviour of EN-GJS-500-7 have been experimentally investigated for the first
time. A well-known local approach, which takes the strain energy density (SED) averaged over a
properly defined structural volume as a fatigue damage parameter, has been applied both in the
linear elastic and elastic plastic formulations. Since the SED correlated the geometrical notch effects
of the specimens as well as the mean stress effects, a master curve based on the averaged SED has
been defined for the first time, to the best of the authors” knowledge, for the fatigue design of off-
highway axles made of EN-GJS-500-7.
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1. Introduction

Off-highway axles are typically manufactured by using nodular cast irons due to
their good mechanical properties coupled with net shape casting capability at reduced
costs. The fatigue strength assessment of such components is a tricky task due to both the
complex geometry, with the presence of several stress concentration regions, and the
severe loading conditions, which include variable amplitude, mean stress, overload
effects, etc. As a result, structural engineers involved in designing off-highway axles
require accurate material strength data and effective fatigue analysis methods.

In this context, the notch effect on the fatigue behaviour of nodular cast irons has
been experimentally investigated in several papers [1-6] by considering specimens
weakened by notches having different severities and made by EN-GJS-400 [3,6], EN-GJS-
450 [6], EN-GJS-600 [1,2], EN-GJS-700 [6] and EN-GJS-900 [5] nodular cast irons. The mean
stress effect has also been widely investigated in the technical literature by performing
experimental fatigue tests under constant amplitude axial loading with different load
ratios/mean stresses on specimens made by EN-GJS-400 [3,6-10], EN-GJS-450 [6,10], EN-
GJS-700 [6,10] and EN-GJS-900 [5] nodular cast irons. Moreover, the effect of different
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strain ratios has been experimentally investigated by performing strain-controlled fatigue
tests on specimens made by EN-GJS-450 nodular cast iron [11] and austempered ductile
irons [12].

Concerning the available criteria for the fatigue assessment of nodular cast iron
components, many papers in the technical literature have investigated the effectiveness of
stress-life approaches [6,13-18] and strain-life approaches [6,19-22]. These criteria
typically include corrections for different load/strain ratios, but they are not capable of
effectively taking into account the detrimental effect of sharp V-notches, i.e., with reduced
tip radius. To deal with such cases, several local approaches have been proposed in the
literature based on the Theory of Critical Distances (TCD) [1,23], the averaged strain
energy density (SED) [2,3] or other fracture mechanics-based approaches [24,25]. Among
the others, one of the most widely employed is that based on the strain energy density
(SED) [26] averaged over a properly defined structural volume. The fatigue approach
based on the averaged SED has been validated against experimental results generated by
testing notched specimens made of structural steels [27-29], aluminium alloys [29],
titanium alloys [30,31] and nodular cast irons, namely EN-GJS-400 [3], EN-GJS-450 [32]
and EN-GJS-600 [32]. In all previous works, the averaged SED has been shown to correlate
the geometrical notch effects as well as the mean stress effects in a material-dependent,
master fatigue design curve.

In this work, constant amplitude, load-controlled axial fatigue tests have been
performed on specimens extracted from an off-highway axle made of EN-GJS-500-7
nodular cast iron. Different specimens’ geometries, namely plain, sharply V-notched and
bluntly notched specimens, have been tested by adopting two stress ratios, i.e., R=-1 and
R = 0.05, with the aim of investigating for the first time, to the best of the authors’
knowledge, both the notch and mean stress effects on the fatigue behaviour of EN-GJS-
500-7. Finally, the averaged SED approach has been applied, both in the linear elastic and
elastic plastic formulations, to the new experimental fatigue results with the aim of
defining a new master curve for the design of off-highway axles made of EN-GJS-500-7.
To the best of the authors’ knowledge, no papers in the literature have been devoted to
investigating the notch and mean stress effects on the fatigue strength of EN-GJS-500-7
nodular cast iron; moreover, a fatigue design master curve based on the averaged SED has
never been calibrated for such material. The shortcomings of the existing research, which
the present work aims to reduce, can be summarised as follows:

e  The lack of experimental investigations on the notch and mean stress effects on the
fatigue behaviour of EN-GJS-500-7 nodular cast iron.

e  The lack of a master curve for fatigue design of structural components made of EN-
GJS-500-7 nodular cast iron, regardless of the geometry and the loading condition,
based on a damage parameter that is relatively easy to calculate.

2. Theoretical Background: The Averaged Strain Energy Density (SED) Approach

Lazzarin and Zambardi [26] originally proposed the linear elastic strain energy
density (SED), AW (see Figure 1la), averaged over a structural volume that surrounds
the crack initiation location (see Figure 1b,c) as a local parameter to correlate the fatigue
strength of notched components. Lazzarin and Zambardi took inspiration from the
fundamental works by Neuber [33-35], Peterson [36], Tanaka [37], Sheppard [38] and
Taylor [39], who first proposed the calculation of average stress over a material-dependent
microstructural length or volume to deal with the fatigue behaviour of notched
components.

When dealing with plain specimens under pure axial loading, Equation (1) allows
the calculation of AW as a function of the nominal stress range Ao (see Figure 1a):
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In the previous expression, Ae. is the elastic strain range, E is the Young’s modulus
of the material, and the coefficient cw takes into account the nominal load ratio R (see
examples in Figure 1a), which is defined by Equation (2) [40].

2
(1+R)2 ~1<R<0
1-R
A I )
= if 0<R<I
1-R

Concerning notched components under pure axial loading, the calculation of AW
for the case of notches having null tip radius (¢ = 0) has been theoretically formalised by
Lazzarin and Zambardi [26], while the case of notches with a tip radius greater than zero
has been treated later on by Lazzarin and Berto [41].
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Figure 1. (a) Strain energy density with nominal load ratios R = 0 and R = —1. Control volume to
calculate the averaged SED for specimens with (b) a sharp or (c) a blunt notch.

Based on such works [26,41], the structural volume inside which the SED is averaged
needs to be geometrically defined as follows:
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¢  For notches with tip radius o = 0, the structural volume is centred at the notch tip and
has a circular shape with radius Ro [26] (see Figure 1b, A(Ro) being the area of the
structural volume);

e  For notches with tip radius o > 0, Lazzarin and Berto [41] suggested a structural
volume having a crescent shape (see Figure 1c, A(Ro) being the area of the structural
volume). Here, Ro measures the depth of the crescent shape along the notch bisector
line. Such a structural volume can be obtained by modelling a circular shape having
a radius equal to (Ro + r0) and centre at a distance ro behind the notch tip. The
parameter ro is defined by Equation (3):

I, :L_lp where g 2R 20 )
q Y

where 2a is the notch opening angle and o the notch tip radius.

According to Lazzarin and co-workers [26,28,42], the structural volume size, Ro, is
thought to be a property of the material and loading type; moreover, it can be calibrated
by equating the averaged SED at the fatigue limit condition or the high-cycle fatigue
strength of two opposite geometrical configurations, namely the plain and the sharp notch
(o = 0) geometries.

Once the structural volume shape and size are properly defined, the averaged SED
for notched specimens, AW, can be calculated by directly post-processing the results of
linear elastic FE analyses, according to the so-called “direct approach” expressed by

Equation (4).
Z chk,i 'Asjk,el,i
ieA(Ry) 2

A}
jk=x,y.,z (4)
DA

ieA(Ry) !

In the previous expression, Aojki and Agjkeli are the ranges of the jk-th components (j,
k = x, y, z in a Cartesian reference system) of the stress and elastic strain, respectively,
referring to the i-th finite element having area Ai and belonging to the structural volume
of radius Ro. The strain energy density contribution of all stress-strain components is
included in Equation (4) through the indexes j and k, since the application of a pure axial
loading to a notched cylindrical specimen generates not only axial but also hoop stress—
strain components close to the notch tip. Finally, cw properly accounts for the nominal
load ratio R according to Equation (2), provided that the range value of the load (AF, or
equivalently Ao) has been applied to the FE model. It is worth noting that the term

chk,i ‘Asjkxl.i
2

element, and it is typically available in the post-processing environment of commercial FE
codes together with the element area Aj; e.g., in Ansys® FE code, they are “element tables”
named “SENE” and “VOLU”, respectively. This is the reason why Equation (4) is called
“direct approach”. Lazzarin et al. [43] demonstrated that coarse mesh patterns can be
employed within the structural volume when applying such an approach to calculate the
averaged SED.

The assumption of a linear elastic material behaviour (see Figure 1a) is typically valid
only in the high-cycle fatigue regime of ductile metals; plastic deformations are not
negligible when dealing with the low—medium cycle fatigue regime or in the presence of
a sharp notch, which introduces severe, local stress and strain concentrations. In latter
cases, the cyclic loading generates an accumulation and release of the elastic strain energy
as well as dissipation of the plastic strain energy, as defined in Figure 2. Several
researchers have proposed fatigue approaches based on plastic strain energy or a
combination of elastic and plastic strain energy contributions; among others, the works
by Morrow [44] and Ellyin [45,46] deserve to be mentioned.

AW =c,

A in Equation (4) represents the elastic strain energy of the i-th finite

i

j.k=x.y.z
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In this context, the averaged SED approach as proposed by Lazzarin and Zambardi
has already been extended to account for an elastic plastic material behaviour in the recent
works by Benedetti et al. [29], Schuscha et al. [47], Zhao et al. [48] and Horvath et al. [49].
In more detail, when dealing with plain specimens, the elastic plastic averaged SED can
be calculated as follows:

Ao” | ode )

AW = AW, + AW, = cy o

where the elastic contribution (AWel) keeps the same as in Equation (1), while the plastic

strain energy density (AWyi) is defined as the area comprised within the stabilised
hysteresis loop (see Figure 2).

OA

A ,’J /
I
/ AWa/2
i '
Ao »
AWpl v
, €
AWel/z , J E
! /
> >
‘ Adpl Age /2
5&1/2 P N
Ag

Figure 2. Elastic and plastic strain energy densities for a plain specimen under a nominal load ratio
R=-1.

In the case of notched components, the shape of the structural volume as well as the
calibration procedure of the size Ro are assumed to be the same presented above for the
linear elastic formulation of the averaged SED approach. On the other hand, Equation (4)
must be updated as follows to allow the calculation of the averaged SED under elastic
plastic conditions (see also the flowchart reported in Figure 3):

Ao, . -Ae. . o,
_ jk,i jk,el,i _ _ 7 jk,i,min
AW, = Cw ki~ 5 where Cw iki = f Rjk,i e (6a)

jk,i,max

AWpl,i = 4)6 jk,idejk,i (6b)

Zie A(Ry) [(Awel,i +AW,; ) A ]

ZieA(RO)Ai

Equation (6) shows that the elastic plastic averaged SED for notched components

AW = (60)

includes the coefficient Cy ;. ;, which is still defined by Equation (2) but it accounts for

the local stress ratio Rjki for each jk-th stress component (j, k = x, y, z in a Cartesian
reference system) and referred to the i-th finite element. This allows the case of notched



Materials 2024, 17, 4807 6 of 26

components to be subjected to axial loading with nominal load ratio R # -1 under small
scale yielding. For example, in the case R = 0, plastic deformations localised at the notch
tip shift the local stress ratio Rixi to negative values, while the material region far from the
notch tip, where plastic deformations are negligible, keeps a local stress ratio equal to the

nominal load ratio.

/ i=0, AWei =0, AWpi=0,A=0, AW =0 /

¢ \ 4 $

Material model Specimen geometry (2a, 0, ...) SED-based
from SCC curve ¢ parameter Ro

Experimental loading condition (o, R)

v

»| FE simulation |«

v

i=i+1

A A

Select element number i

NO Element i

exists?

i belongs
to A(Ro)?

YES

Calculate ojkiand ejiin a loading cycle

(/k =x,y,z) and Ai referred to element i
Calculate AWeii (Eq. 6a), AWpLi (Eq. 6b) by
post-processing the hysteresis loops (0jk,i- &jki)
AW = AW + (AWei + AWpii)-Ai

A=A+Ai

—PlCalculate AW =AW/A (Eq. 6c)

Figure 3. Flowchart of the procedure to calculate the elastic plastic averaged strain energy density.
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It is worth noting that Equation (6) requires that the experimental load or stress cycle
is properly simulated in the FE analysis aimed at calculating the averaged SED, the mate-
rial behaviour being elastic plastic and, therefore, sensitive to the load path. Moreover,
Equation (6) cannot be considered as a “direct approach”, as is Equation (4), since to be
applied, it requires for each i-th finite element belonging to the structural volume:

e  Calculation of the hysteresis loops ojk-gjk in the post-processing environment of the
FE code with reference to one stress cycle.

e  Calculation of the elastic and plastic strain energy density contributions, i.e., A\Ml,i

and AW,

pl.
dedicated numerical code.

ir by post-processing the hysteresis loops, e.g., by taking advantage of a

3. Materials and Methods
3.1. Specimens’ Position

The fatigue behaviour of a pearlitic nodular cast iron, EN-GJS-500-7 [50], has been
investigated in the present work. Specimens have been extracted from an axle’s trumpet
with the aim of taking into account the effects of the manufacturing processes on the ma-
terial fatigue strength. The geometry of the axle’s trumpet along with the detailed speci-
mens’ locations have already been presented in a previous work [51], to which the reader
is referred. More precisely, the specimens tested here have been extracted from the loca-
tions highlighted in Figure 1 of Ref. [51] and referred to @pecimens for strain-controlled fa-
tigue tests’. The geometries of the tested specimens will be presented in Section 3.3.

3.2. Material Microstructure, Hardness, Static and Strain-Controlled Fatigue Properties

The same axle’s trumpet considered here has been investigated in a previous work
[51], which focused on the static and strain-controlled fatigue characterisation of the EN-
GJS-500-7 nodular cast iron. The main outcomes are summarised here.

According to the metallographic analyses reported in Figure 4, the graphite nodules
have been classified as VI—6/7 [52], and the matrix has been shown to be pearlitic for the
60% and ferritic for the 40%. The Brinell hardness [53] has resulted in a range of 220-230
HBW. A link between the matrix microstructure along with the graphite nodule charac-
teristics and the fatigue strength of a nodular cast iron can be established thanks to the
Murakami approach [54]. Accordingly, the fatigue limit can be estimated on the basis of
the Vickers hardness of the matrix (HVmatix) and the +/area parameter, defined as the
maximum size of the graphite nodules evaluated with the extreme value statistics.

Figure 4. Microstructures of the EN-GJS-500-7 pearlitic cast iron (a) before and (b) after Nital 2%
etching. The microstructure is shown at 100x magnification according to ISO 945:1 2019. Reprinted
with permission from Ref. [51]. 2024, Elsevier.

The main results of the static tensile tests [55] and strain-controlled fatigue tests [56]
conducted at room temperature in Ref. [51] have been summarised in Table 1. Dealing
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with the static tensile curve, Table 1 reports: the modulus of elasticity (E), the proof stress
(0p02), the tensile strength (or), the elongation after fracture (A%), and the reduction of
area (Z%) as well as the Ramberg-Osgood parameters, i.e., the strength coefficient (K) and
the strain hardening exponent (n). Table 1 also includes the parameters of the stabilised
cyclic curve (SCC), as derived from strain-controlled fatigue tests: the cyclic strength co-
efficient (K') and the cyclic strain hardening exponent (n’).

Table 1. Static tensile and strain-controlled fatigue properties of EN-GJS-500-7 as derived in [51].

Static Tensile Curve Stabilised Cyclic Curve
Material E Opo.2 OR A Z K n K’ n’
[MPa] [MPa] [MPa] [%] [%] [MPa] [/] [MPa] [/1
EN-GJS-500-7 170,400 360 608 9.25 8.75 902 0.157 927.6 0.123

3.3. Constant Amplitude, Load-Controlled Fatigue Testing: Parameters and Specimens’
Geometry

Constant amplitude, load-controlled axial fatigue tests have been conducted on cy-
lindrical specimens extracted from the axle’s trumpet shown in [51] and made of EN-GJS-
500-7 nodular cast iron. Both plain (Figure 5a) and notched specimens (Figure 5b,c) have
been tested in order to investigate the fatigue notch effect. In more detail, a notch having
an opening angle 2a = 90° and a notch tip radius ¢ =0.1 mm (sharp V-notch, Figure 5b) or
0 = 0.8 mm (blunt notch, Figure 5c) has been introduced in the cylindrical specimens to
reproduce the geometrical features typical of the axle’s trumpet.
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Figure 5. Geometry of (a) plain specimen, (b) sharply V-notched specimen and (c) bluntly notched
specimen.

The axial fatigue tests have been conducted using an MTS 858 MiniBionix II servo-
hydraulic testing machine (MTS, Eden Prairie, MN, USA), with a load capacity of 15 kN
and equipped by an MTS TestStar IIm controller. A constant amplitude load cycle under
closed-loop load control has been applied with sinusoidal shape and frequency between
15 and 32 Hz depending on the specimen geometry and the load level. The nominal load
ratio R, i.e, o, /0,, , has been imposed equal to -1 for plain and sharply V-notched

max /
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specimens, while a ratio equal to 0.05 has been adopted for all specimens’ geometries. The
specimen complete separation has been assumed as failure criterion to stop the test and
define the number of cycles to failure N, while run out condition was set at 2 million
cycles if failure did not occur. The net-section nominal stress amplitude 0. has been calcu-
lated from Equation (7), as a function of the load amplitude F. and the diameter of the net-
section drnet, being equal to 5.5 mm for all specimen geometries (see Figure 5).

Anct g . dict (7)

After the fatigue tests, the fracture surfaces have been analysed by using a Leica Cam-
bridge 440 Scanning Electron Microscope (SEM) (Leica, Wetzlar, Germany).

3.4. Finite Element Analyses to Calculate the Averaged SED

Two-dimensional structural finite element analyses have been performed for each
specimen geometry by means of Ansys® 2024 R1 software in order to apply the averaged
SED approach recalled in Section 2.

Only a quarter of each specimen longitudinal section geometry has been modelled as
shown in Figure 6 by taking advantage of the axis symmetry with respect to the Y-axis
and the symmetry on the XZ plane. With the size of the structural volume Ro not being
known a priori, 10 structural volumes having size Ro uniformly spaced between 0.05 mm
and 0.5 mm have been modelled in each specimen geometry by assuming a circular shape
for the plain specimen (Figure 6a) and a crescent shape, as defined in Figure 1c, for the
sharply V-notched (Figure 6b) and bluntly notched (Figure 6c) specimens.

A 2D, axis-symmetric, 4-node quadrilateral element (PLANE 182 of Ansys® element
library) has been adopted to generate the free mesh pattern reported in Figure 6. A local
element size diocal = 0.01 mm has been adopted inside the structural volumes, which trans-
lates in 20-30 finite elements inside the smallest structural volume (see the zooms in Fig-
ure 6), while a global finite element size dgiobat = 0.5 mm has been adopted outside.

Figure 6 highlights also the FE model region where the Uy displacement has been
coupled to simulate the grip of the testing machine.

The FE models reported in Figure 6 have been solved by assuming two different ma-
terial behaviours for comparison purposes:

o Alinear elastic material behaviour: only the modulus of elasticity E (see Table 1) and the
Poisson’s ratio (v = 0.28) have been given as input to the Ansys® 2024 R1 FE software.
In such cases, only a single FE model has been solved for each specimen geometry by
taking advantage of the linear elasticity and applying an axial stress at the gross sec-
tion, resulting in a nominal net-section stress o = 1 MPa.

o An elastic plastic material behaviour: the modulus of elasticity E, the Poisson’s ratio (v
= 0.28) and the stabilised cyclic curve (see Table 1) have been given as input to the FE
software. A multi-linear kinematic hardening behaviour has been adopted assuming
von Mises as the yield criterion. In such cases, an FE model has been solved for each
specimen geometry and each load level, with a quadratic proportionality between
the averaged SED and the stress level not being applicable. The load has been applied
in 100 substeps by simulating two stress cycles with a given nominal stress amplitude
0a and a nominal load ratio R, corresponding to the values adopted in each experi-
mental test.

It is worth noting that FE analyses are not mandatory to calculate the averaged SED
for plain specimens since an analytical calculation was possible both for linear elastic
(Equation (1)) and elastic plastic (Equation (5)) material behaviour; however, they have
been performed for uniformity of the calculation procedure.
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Mesh patterns of 4-node Plane 182 with axis-symmetry option 10 structural volumes having radius Ro equal to 0.05, 0.1, ...0.5 mm

(Ansys element library), global element size dglobal = 0.5 mm Local element size (inside structural volume) diocal = 0.01 mm

region with displacement Uy coupled to simulate grip (a-zoom)
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Figure 6. Structural FE analyses to evaluate the averaged SED. FE meshes adopted in the 2D FE
models of (a) plain, (b) sharp V-notched, (c) bluntly notched specimens under axial loadings. Di-
mensions are in millimetres.

4. Results
4.1. Load-Controlled Fatigue Test: Fracture Surface Analyses

The typical fracture surfaces observed after axial fatigue failure of plain, sharply V-
notched and bluntly notched specimens have been reported in Figure 7. For each test se-
ries, two examples of fracture surfaces have been provided, namely one corresponding to
a medium-low number of cycles to failure, and the other one to a high number of cycles
to failure. The only exception being the sharply V-notched specimens for which only one
fracture surface has been analysed referred to the high-cycle fatigue regime.

When dealing with plain specimens, it can be observed that the EN-GJS-500-7 cast
iron exhibited crack initiation either from sub-surface defects (see Figure 7a and Figure
7¢,d for R=-1 and 0.05, respectively) or the surface of the specimens (see Figure 7a,b and
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Figure 7c for R = -1 and 0.05, respectively), with multiple crack initiation locations being
visible for the higher load level.

Concerning sharply V-notched specimens, Figure 7e,f for R = -1 and Figure 7g for R
= 0.05 show that the fatigue crack initiated from the notch tip both in the medium-low-
cycle and high-cycle fatigue regimes, being driven by the dominant notch stress concen-
tration. However, additional crack initiations from sub-surface defects (Figure 7f) and
from graphite nodules (Figure 7g) have been observed in the high-cycle fatigue regime.

Dealing with bluntly notched specimens, the crack has initiated from the notch tip
both in the medium-low-cycle and high-cycle fatigue regimes as shown in Figure 7h,i,
multiple crack initiation locations being visible in both cases, while no defect is evident.

EHT=2000kV. Signal A= SET Date 30 Aug 2024
Wo=400mm Msg= 100X Time 105703

1 mm EHT =20.00 kv Signal A = SE1 Date :30 Aug 2024
WD =38.5mm Mag= 27X Time :10:47:59

Signal A= SET

Aug 2024
WD =400 mm Mag= 250X Time 110215

Crack initiation

EHT =20.00 kV Signal A = SE1 Date :24 Jul 2024
WD =33.0 mm Mag= 30X Time :10:12:23

I 5 \
7 o 242024
ey o 103854

Plain specimen, R = -1, 0a =236 MPa, Nt = 833,090
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— WD = 39.0 mm Meg= 28X Time :15:02:53

P

Date :20 Aug 2024,
Time :1311:08
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WD =30.5 mm Mag= 28X Time :13:08:18 Signal A = SEf Date :30 Aug 2024

Mag= 250X Time 131222
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Multiple crack initiation
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EHT =20.00 kV
WD =31.5 mm

Signal A = SE1
Mag= 30X

Date :30 Aug 2024
Time :13:01:37

Bluntly notched specimen, R =0.05, 0a =93 MPa, Nt = 581,754

Figure 7. Fracture surfaces after load-controlled axial fatigue tests of plain specimens under (a,b) R
= -1 and (c,d) R = 0.05; sharply V-notched specimens under (e,f) R = -1 and (g) R = 0.05; bluntly
notched specimens under (h,i) R = 0.05 made of EN-GJS-500-7 cast iron.

4.2. Load-Controlled Fatigue Test: Results

Figure 8 presents a summary of the experimental data, showing the applied nominal
net-section stress amplitude 0. (Equation (7)) plotted against the number of cycles to fail-
ure Nr and relevant to each test series, namely plain specimens under R =-1 and R =0.05,
sharply V-notched specimens under R = -1 and R = 0.05 and bluntly notched specimens
under R = 0.05. A statistical analysis has been performed for each test series according to
ISO 12107 [57] to derive the high-cycle fatigue strength oaso% with reference to a survival
probability of 50% and Na =2 x 10¢ cycles, the inverse slope k and the scatter index To,
referred to survival probabilities of 10% and 90%, and to a 95% confidence level. For the
sake of clarity, Figure 8 reports only the fatigue curves referring to a survival probability
of 50%, while all other statistical parameters have been reported in Table 2.

Table 2. Summary of load-controlled axial fatigue test results.

. Specimen  dgross dnet o] 2a N° N° O A50%
Material Geometry* (mm) (mm) (mm) (°) Data Runout (MPa) ) b
' - a1 1 2 204 887 135
Plain 55 - - 005 10 3 124 828 143
Sharply -1 11 2 66 450 141
EN-GIS500-7 g otched 10 22 0L 9000 gy 2 53 490 133
Bluntly 10 55 08 90 005 12 3 79 584 126
notched

*—plain specimen (Figure 5a), sharply V-notched specimen (Figure 5b) and bluntly notched speci-
men (Figure 5c).
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Figure 8. Fatigue test results obtained from plain (Figure 5a), sharply V-notched (Figure 5b) and
bluntly notched (Figure 5c) specimens subjected to axial loading are presented in terms of the num-
ber of cycles to failure, plotted against the applied nominal net-section stress amplitude.

Table 2 evaluates the mean stress effect on the high-cycle fatigue strength of the nod-
ular cast iron because it compares the results obtained with a nominal load ratio R = 0.05
(namely with mean stress practically equal to the stress amplitude om = 0a) and the results
referred to a nominal load ratio R = -1 (namely with a null mean stress om = 0). It can be
observed that the mean stress effect is strong for plain specimens, the high-cycle fatigue
strength being 204 MPa for R = -1 and 124 MPa for R = 0.05, which corresponds to a re-
duction of 34%. On the other hand, it is significantly reduced for sharply V-notched spec-
imens, with oas% being 66 and 53 MPa for R = -1 and 0.05, respectively, which translates
into a reduction of 19%. The inverse slope of the fatigue curves is almost insensitive to the
load ratio, being equal to 8.87 and 8.28 for plain specimens under R =-1 and 0.05, respec-
tively, and 4.50 and 4.90 for sharply V-notched specimens under R = -1 and 0.05, respec-
tively. Blunt notched specimens exhibited high-cycle fatigue strength and inverse slope
intermediate between those of plain and sharply V-notched specimens, being oas% = 79
MPa and k =5.84. In all cases, the scatter index has been rather reduced, being in the range
between 1.26 (bluntly notched specimens under R =0.05) and 1.43 (plain specimens under
R=0.05).

Figure 8 also shows that some specimens (highlighted by a red symbol &) failed
prematurely compared to the average trend or to other specimens reaching run out con-
dition even if tested at a higher load level. This behaviour can be justified by observing
the fracture surfaces (Figure 7), which show that:

e The plain specimen tested at R = -1 fails from a very large sub-surface defect (see
Figure 7a);
The plain specimen tested at R = 0.05 fails from a large sub-surface defect (see Figure

7d);
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The sharply V-notched specimens tested at R =-1 and 0.05 shows multiple crack ini-
tiation locations, in addition to the notch tip, i.e., a sub-surface defect (see Figure 7f)
and a graphite nodule (see Figure 7g).

On the other hand, the case of the bluntly notched specimen seems not to be justified

since no defects have been observed in the fracture surface (see Figure 7i).

Finally, a master curve in terms of nominal stress amplitude versus fatigue life cannot

be defined because the net-section nominal stress is not able to correlate notch geometry
and mean stress effects, as the highly scattered results reported in Figure 8 demonstrate.
To define a master curve, the local approach presented in the previous Section will be
applied in the following Section.

4.3. Application of the Averaged SED Approach

After having solved the FE models shown in Figure 6, the averaged SED values have

been calculated as follows:

In the case of linear elastic material behaviour, the averaged SED has been calculated
by applying Equation (4) directly in the post-processing environment of Ansys®, for
each specimen geometry and each value of Ro. Afterwards, the quadratic proportion-

ality AW =< AG* =(2-Ga)2, which can be derived from Equations (1) and (4), has

been exploited to calculate the averaged SED with reference to the experimental
stress amplitudes. Finally, the proper coefficient cw (Equation (2)),i.e., cw=0.5and 1.1
for R =-1 and 0.05, respectively, has been applied.

Concerning the elastic plastic material behaviour, the hysteresis loops ojk-¢jk have
been calculated in the post-processing environment of Ansys® for each specimen ge-
ometry, load case and i-th finite element belonging to the structural volume having
radius Ro. Then, the elastic and plastic strain energy density contributions, i.e., AW,

el,i

and AW, have been calculated by post-processing the hysteresis loops through a

dedicated Python® code. Finally, Equation (6) has been applied to compute the aver-
aged SED. Figure 9 reports examples of the hysteresis loops oyy-gyy, i.e., stress and
strain components acting along the loading axis (see Figure 6), for plain, sharply V-
notched and bluntly notched specimens with reference to a finite element located at
the outer surface of the plain specimen and at the tip of the notched specimens. Two
examples of hysteresis loops have been reported for each test series, namely one re-
ferred to a medium-low number of cycles to failure, and the other to a high number
of cycles to failure. The definition of elastic and plastic strain energy densities is in-
cluded in Figure 9. It is worth noting that such SED contributions are the only ones
present in the plain specimens, being a uniaxial loading condition, while the axial
loading applied to notched cylindrical specimens generates axial and hoop stress—
strain components, i.e., Oyy-&yy and 0z-¢€z (according to Figure 6). In the high-cycle
cases, Figure 9 shows that the plastic contribution is null for plain and bluntly
notched specimens, while it is reduced at the tip of sharply V-notched specimens. In
the medium-low cycle cases, the plastic contribution is pronounced for plain speci-
mens under R = -1, at the tip of sharply V-notched specimens under R = -1 and 0.05;
then, it is reduced at the tip of bluntly notched specimens and null for plain speci-
mens under R = 0.05. Moreover, the local stress ratio Riyy = Oyy,min/Oyy.max is equal to the
nominal one for plain specimens regardless of the load ratio (Figure 9a-d) and
notched specimens under R = -1 (Figure 9e,f), while plastic deformations localised at
the notch tip shift the local stress ratio Riyy to negative values when notched speci-
mens are subjected to R = 0.05 (Figure 9g-i,j).



Materials 2024, 17, 4807

18 of 26

200 SN
OO b — [eiviv)
(@) R, =-1 i () Ryi=-1 i
AW ;= 0.82 MJ/m? L AW, AW, ;=0.33 M]ém3 [
AW, =076 MI/md o) [ d AWpi=0MJm® 300 r
5] [ 5] [
) F A S 100 |
S i / o -
@ o 2x103 4x 103 w -4 103 -2x103% % - 103
£ i g [
195 v 9 L
i 300 [AWas
oL CHTEE
Strain e, (-) Strain ¢, (-)
Plain specimen, R = -1, 0a =375 MPa, Nt = 10,015 Plain specimen, R = -1, 0a =236 MPa, Nt = 833,090
(©) 600 55 (@ 090 R 005
500 |[AWa;i=0.66 MJ/m? 500 |AWai=025MJ/m®
= [AWp=omym o [aWa-omyme
[ L oo L
g 400 i S 400 [
=300 | 51300
2 T 2
200 | E / < 200 A
n L ah
L 1
100 i E - AW, 100
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 L L L L L 1 1 1 1
0 25x10°% 5x103 7.5x103 1x102 0 2.5x103

Strain ., (-)

5x103
Strain €, (-)

7.5x 1073

1x107?

Plain specimen, R = 0.05, ga =225 MPa, Nt = 15,989

Plain specimen, R = 0.05, 0a = 139 MPa, N = 460,352

‘7(\{\ lw/aTal
(e) Ryyi=-1 i @) Ryyi=-1 -
AWq;=151MJ/m® 0 | AWy =077 MJfm® o0
AW,,; =4.61 MJ/m? i AW ;= 0.24 MJ/m?
E AW, 30 1
& 00 &
b -
2-8x10° 0% | & 81109 -4x10° 10
L ®
-~ 0
@ g
n
-500
lw/aTal

700

Strain &, (-)

Strain &, (-)

Sharply V-notched specimen, R =-1, 0a=173 MPa,
Nt=27,321

Sharply V-notched specimen, R =-1, 0a =84 MPa,
Nt = 589,482




Materials 2024, 17, 4807

19 of 26

700 700

(8) C (h)

500 F 500 o '
L —_ AWpl,i 523.’3‘:1:1‘.53" :

=300 AW, £ 300 b

= i =S A .

= 100 2100 4 | 0 TTTTTTTToo '

>

b>\ 1 1 1 1 1 1 1 1 L 1 1 /I 1 1 1 1 1 1 1 ; 1 1 1 1 1 1 1 1 1 1 1 1 1

% -1000 - 50k 103 X }@-2 15x102 2 x{102 (% -1C00 1x102 1.5 x 102 2 xi102

& [ R,,;=-0.26

- / R,,;=-0.60 Vi
2300 f e / AY\X} | =138 MJ/m? -300 AW,;=0.67 MJ/m3
F AW . el,i B =
L o AW,,; =232 MJ/m? AWy =0.02 MJ/m?
-500 -500
Strain &, (-) Strain &, (-)
Sharply V-notched specimen, R = 0.05, 0a = 139 MPa, Sharply V-notched specimen, R =0.05, 0a = 63 MPa,
Nt = 15,825 Nt = 499,637
., 600 .. 600
@) IR, ;=-0.43 G) LR, ;=-0.04
500 AW, =0.89 MJ/m? 500 AW, =0.40 MJ/m?
400 [AW=0.29 MJ/p3 400 AW, =0 MJ/m?

§ 300 AW, 300

2200 - 200

] 3 3 .

2 100 | 100 i

] » [&

&]‘3 0 L I M4 / P T 0 g P T S N N TR SR TR T TR S T
100 O 2x 4x103 6x 107 8 x 1103 1000 F %xlO'3 4x103 6x103 8x10%
200 | 200 | N

B \AWeI i B AWE“
-300 - - -300 -
Strain &, (-) Strain &, (-)
Bluntly notched specimen, R = 0.05, 0a =192 MPa, Bluntly notched specimen, R = 0.05, 0a = 93 MPa,
Nt =13,849 Nt =581,754

Figure 9. Hysteresis loops oyy-gyy for plain specimens under (a,b) R = -1 and (¢,d) R = 0.05; sharply
V-notched specimens under (e,f) R = -1 and (g ,h) R = 0.05; bluntly notched specimens under (i,j) R
= 0.05. The hysteresis loops are calculated by FEM with reference to an i-th finite element located at
the outer surface of the plain specimen and at the tip of the notched specimens (see Figure 6 and the
zoom inside each figure).

Afterwards, the calibration of the structural volume size, Ro, has been performed by
equating the averaged SED calculated for plain and sharply V-notched specimens tested
at R = 0.05 with reference to a fatigue life Na = 2 x 106 cycles and a survival probability
50%. The averaged SED of the plain specimen has been calculated by assuming a linear
elastic material behaviour, the plastic contribution being null as demonstrated in Figure
9¢,d. On the other hand, the averaged SED of sharply V-notched specimen has been cal-
culated by assuming both a linear elastic and an elastic plastic material behaviour. The
resultsin terms of AW, 5., Versus Roarereported in Figure 10, which shows that AW, s,

assumes the same value for both specimen configurations and material behaviours if the
structural volume size is Ro = 0.105 mm. Figure 10 shows also that the averaged SED of
the sharply V-notched specimen under R = 0.05 slightly differs when calculated under
linear elastic or elastic plastic material behaviour only for reduced values of Ry, i.e., close
to the notch tip where plastic deformations are localised. This was expected also on the
basis of Figure 9h, which shows that the plastic SED contribution is reduced even for a
fatigue life of Ne=0.5 x 10¢ cycles.
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Figure 10. Averaged SED calculated for plain and sharply V-notched specimens with reference to
the case R=0.05, a fatigue life Na =2 x 10° cycles and a survival probability 50%, equated to calibrate
the structural volume size Ro. The averaged SED of the sharply V-notched specimen configuration
has been calculated by assuming both a linear elastic and an elastic plastic material behaviour.

Afterwards, the experimental fatigue results reported in Figure 8 and expressed in
terms of nominal stress amplitude 0. (Equation (7)) have been converted to the SED AW
averaged over a structural volume having size Ro = 0.105 mm. Figure 11 plots AW , cal-
culated by assuming a linear elastic (Figure 11a) or an elastic plastic (Figure 11b) material
behaviour in the FE analyses, against the experimental number of cycles to failure Nr.

A statistical analysis has been performed to derive the average SED-based scatter
bands in the range of number of cycles between 10* and 2-10¢. Figure 11 shows that in both
cases the inverse slope k results equal to 3; however, the comparison with Figure 11a,b
clearly highlights that AW , calculated assuming an elastic plastic material behaviour, is
capable of better synthesis of the experimental data. In fact, Figure 11a shows that the
experimental data of each test series are well separated and distinguishable, even if sum-
marised in a single quite-narrow scatter band. On the other hand, Figure 11b shows that
the experimental results are mixed as belonging to a single test series. This is also con-
firmed by the equivalent stress-based scatter index To = VTw, which is equal to 1.585 and
1.436 for the linear elastic and elastic plastic SED-based synthesis, respectively.
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Figure 11. Averaged SED-based scatter-bands fitted on the experimental results reported in terms
of number of cycles to failure as a function of the SED averaged over a structural volume having
size Ro = 0.105 mm. The averaged SED was computed by assuming (a) a linear elastic and (b) an
elastic plastic material behaviour. The figures include also the expression of the design curves re-
ferred to a probability of survival of 90%, which allow to derive the fatigue life once the strain energy
density has been calculated.
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The effectiveness of SED-based synthesis has been furtherly evaluated by analysing
the intrinsic scatter of the experimental results. To do this, the experimental results have
been statistically re-analysed by excluding the different notch and mean stress effects;
therefore, a normalisation of the data of each test series has been performed by means of
the relevant high-cycle fatigue strength oas0%, as reported in Table 2. Figure 12 reports the
normalised scatter-band, having an intrinsic scatter, referred to 10-90% probability of sur-
vival, equal to To = 1.68.
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Figure 12. Calibration of the intrinsic scatter-band on the experimental fatigue data of Figure 8 nor-
malised by means of the relevant oaso, as reported in Table 2.

Finally, Figure 11b suggests that the elastic plastic formulation of the averaged SED
approach, providing a stress-based scatter index equal to 1.436 and lower than the intrin-
sic scatter of 1.68, effectively summarises the various notch effects and mean stress effects
on the fatigue strength of EN-GJS-500-7 cast iron. Therefore, the master curve defined in
Figure 11b may be used for the fatigue design of structural components, for example, off-
highway axles, provided that they are made of EN-GJS-500-7 nodular cast iron having the
microstructure shown in Figure 4. The master curve is applicable regardless of the geom-
etry and the loading condition since both notch geometry and mean stress effects are ac-
counted for in the averaged SED fatigue damage parameter.

For the sake of completeness, it is worth noting that the following assumptions have
been made in the averaged SED approach applied in the present investigation:

e Material in FE analyses: a homogeneous, multi-linear kinematic hardening material
model was assumed. Alternatively, a Chaboche non-linear isotropic kinematic hard-
ening model [58] can be employed to capture the material behaviour evolution dur-
ing cyclic loading; however, calibrating such a model is rather complex and typically
requires material strain-based fatigue data using different strain amplitudes and
rates.

e Material microstructure: the SED-based master curve reported in Figure 11b is valid
for a nodular cast iron EN-GJS-500-7 having the microstructure reported in Figure 4.
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e Crack initiation location: the SED has been averaged over a structural volume lying on
the outer surface of a plain specimen and embracing the notch tip of sharply V-
notched and bluntly notched specimens (see Figure 6); therefore, it has been assumed
that the structural volume having size Ro accounts for the material microstructure,
including discontinuities such defects and graphite nodules. This assumption is sup-
ported by Figure 8, which shows a reduced scatter index of each test series even if the
crack initiation occurred either at the specimen surface or from sub-surface defects
for plain specimens, either from the notch tip or from defects or graphite nodules for
notched specimens.

5. Conclusions

In this study, the effects of notches and mean stresses on the fatigue behaviour of EN-
GJS-500-7 nodular cast iron, adopted in a real off-highway axle, have been examined. To
this aim, laboratory specimens, having plain, sharply V-notched and bluntly notched cy-
lindrical geometries, have been extracted from an off-highway axle to take into account
the manufacturing process effects. Load-controlled axial fatigue tests were conducted by
using two nominal load ratios, namely R =-1 and R =0.05. The following conclusions can
be drawn:

¢ The fracture surfaces analyses performed by SEM microscope showed that in plain
specimens, the fatigue crack initiated either from the surface or sub-surface defects.
On the other hand, in sharply V-notched and bluntly notched specimens, fatigue
crack initiation mainly occurred from the notch tip, with additional crack initiations
having been observed from sub-surface defects and graphite nodules.

e  The experimental fatigue results of each test series were presented in terms of the
number of cycles to failure Nt as a function of the nominal net-section stress ampli-
tude oa. Plain specimens showed a strong mean stress effect, with the high-cycle fa-
tigue strength oas% being 204 MPa (k = 8.87) for R =-1 and 124 MPa (k = 8.28) for R
=0.05, i.e., 34% lower for higher mean stress (R = 0.05). On the other hand, sharply V-
notched specimens exhibited a reduced mean stress effect, with oas% being 66 MPa
(k =4.50) and 53 MPa (k = 4.90) for R = -1 and 0.05, respectively, i.e., 19% lower for
higher mean stress (R =0.05). Bluntly notched specimens have been tested only under
R =0.05 and exhibited oas0% =79 MPa (k = 5.84). In all cases the 10-90% scatter index
To was rather reduced, being in the range between 1.26 and 1.43.

e  Finally, the fatigue approach based on the strain energy density (SED) averaged over
a properly defined structural volume has been applied. The structural volume size
Ro has been calibrated and is equal to 0.105 mm. FE analyses have been performed
by assuming either a linear elastic or an elastic plastic material behaviour to convert
the experimental fatigue results from the nominal net-section stress amplitude to the
averaged SED value. The elastic plastic formulation of the averaged SED approach
has shown to be able to well correlate the different notch effects and mean stress ef-
fects on the fatigue strength of EN-GJS-500-7 cast iron. Therefore, the relevant master
curve can be useful for the fatigue design of off-highway axles made of EN-GJS-500-
7 cast iron.

Author Contributions: Conceptualisation, G.M. and C.D.; methodology, J.P., A.C., C.D. and G.M,;
experimental tests, J.P.; software, A.C.; data curation, J.P. and A.C.; writing—original draft prepara-
tion, A.C.; writing—review and editing, J.P., A.C., C.D. and G.M.; visualisation, ]J.P. and A.C.; su-
pervision, G.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially founded with the grant number: Rep. n. 119/2023 Prot n. 1968
by Carraro Spa.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data are contained within the present article.



Materials 2024, 17, 4807 24 of 26

Acknowledgments: The authors thank Filippo Coppola from the Department of Industrial Engi-
neering, University of Padova (Italy), for support in the SEM analyses of the fracture surfaces.

Conflicts of Interest: The authors declare no conflicts of interest. Author J.P. and C.D. were em-
ployed by the company Carraro S.p.A.. The remaining authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be construed as a po-
tential conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Benedetti, M.; Santus, C.; Fontanari, V.; Lusuardi, D.; Zanini, F.; Carmignato, S. Plain and notch fatigue strength of thick-walled
ductile cast iron EN-GJS-600-3: A double-notch critical distance approach to defect sensitivity. Int. J. Fatigue 2021, 152, 106414.
https://doi.org/10.1016/j.ijfatigue.2021.106414.

Pedranz, M.; Fontanari, V.; Raghavendra, S.; Santus, C.; Zanini, F.; Carmignato, S.; Lusuardi, D.; Berto, F.; Benedetti, M. A new
energy based highly stressed volume concept to investigate the notch-pores interaction in thick-walled ductile cast iron sub-
jected to uniaxial fatigue. Int. . Fatigue 2023, 169, 107491. https://doi.org/10.1016/j.ijfatigue.2022.107491.

Berto, F.; Lazzarin, P.; Tovo, R. Multiaxial fatigue strength of severely notched cast iron specimens. Int. ]. Fatigue 2014, 67, 15—
27. https://doi.org/10.1016/j.ijfatigue.2014.01.013.

Deguchi, T.; Kim, H.J.; Ikeda, T. Fatigue limit prediction of ferritic-pearlitic ductile cast iron considering stress ratio and notch
size. J. Phys. Conf. Ser. 2017, 842, 012067. https://doi.org/10.1088/1742-6596/842/1/012067.

Meyer, N.M. Effects of Mean Stress and Stress Concentration on Fatigue Behavior of Ductile Iron; University of Toledo: Toledo, OH,
USA, 2014.

Bleicher, C.; Wagener, R.; Kaufmann, H.; Melz, T. Fatigue strength of nodular cast iron with regard to heavy-wall applications.
Mater. Test. 2015, 57, 723-731. https://doi.org/10.3139/120.110782.

Shirani, M.; Harkegard, G. Casting defects and fatigue behaviour of ductile cast iron for wind turbine components: A compre-
hensive study. Mater. Und Werkst. 2011, 42, 1059-1074. https://doi.org/10.1002/mawe.201100911.

Zambrano, H.R.; Harkegard, G.; Stark, K.F. Fracture toughness and growth of short and long fatigue cracks in ductile cast iron
EN-GJS-400-18-LT. Fatigue Fract. Eng. Mater. Struct. 2012, 35, 374-388. https://doi.org/10.1111/.1460-2695.2011.01628.x.
Bergner, K.; Hesseler, J.; Bleicher, C. Fatigue analysis of cast iron components considering the influence of casting skin. Procedia
Struct. Integr. 2019, 19, 140-149. https://doi.org/10.1016/j.prostr.2019.12.017.

Bleicher, C.; Schoenborn, S.; Kaufmann, H. An investigation on the fatigue strength of repair welded nodular cast iron for heavy
sections. Procedia Struct. Integr. 2023, 47, 478-487. https://doi.org/10.1016/j.prostr.2023.07.076.

Scacco, F.; Campagnolo, A.; Franceschi, M.; Meneghetti, G. Strain-Controlled Fatigue Behavior of a Nodular Cast Iron in Real
Off-Highway Axles: Effects of Casting Skin and Strain Ratio. Metals 2022, 12, 426. https://doi.org/10.3390/met12030426.

Lin, C.-K.; Pai, Y.-L. Low-cycle fatigue of austempered ductile irons at various strain ratios. Int. |. Fatigue 1999, 21, 45-54.
https://doi.org/10.1016/50142-1123(98)00053-X.

Borsato, T.; Berto, F.; Ferro, P.; Carollo, C. Effect of in-mould inoculant composition on microstructure and fatigue behaviour of
heavy section ductile iron castings. Procedia Struct. Integr. 2016, 2, 3150-3157. https://doi.org/10.1016/j.prostr.2016.06.393.
Kone¢na, R.; Kokavec, M.; Nicoletto, G. Surface conditions and the fatigue behavior of nodular cast iron. Procedia Eng. 2011, 10,
2538-2543. https://doi.org/10.1016/j.proeng.2011.04.418.

Benam, A.S. Effect of Shot Peening on the High-Cycle Fatigue Behavior of High-Strength Cast Iron with Nodular Graphite. Met.
Sci. Heat Treat. 2017, 58, 568-571. https://doi.org/10.1007/s11041-017-0056-6.

Meyer, N.; Fatemi, A.; McCutcheon, S.; Havard, B.; Fairchilds, W. Fatigue Behavior of Cast Iron Including Mean Stress Effects.
SAE Int. ]. Mater. Manuf. 2015, 8, 425-434. https://doi.org/10.4271/2015-01-0544.

Shirani, M.; Harkegard, G. Large scale axial fatigue testing of ductile cast iron for heavy section wind turbine components. Eng.
Fail. Anal. 2011, 18, 1496-1510. https://doi.org/10.1016/j.engfailanal.2011.05.005.

Shirani, M.; Harkegard, G. Fatigue life distribution and size effect in ductile cast iron for wind turbine components. Eng. Fail.
Anal. 2011, 18, 12-24. https://doi.org/10.1016/j.engfailanal.2010.07.001.

SAE ] 1099; Technical Report on Low Cycle Fatigue Properties: Ferrous and Non Ferrous Materials. Warrendale, Pennsylvania,
(USA) 2002.

Petrenec, M..; Tesafova, H.; Beran, P.; Smid, M.; Roupcova, P. Comparison of low cycle fatigue of ductile cast irons with different
matrix alloyed with nickel. Procedia Eng. 2010, 2, 2307-2316. https://doi.org/10.1016/j.proeng.2010.03.247.

Samec, B.; Potré, 1.; Sraml, M. Low cycle fatigue of nodular cast iron used for railway brake discs. Eng. Fail. Anal. 2011, 18, 1424~
1434. https://doi.org/10.1016/j.engfailanal.2011.04.002.

Meneghetti, G.; Ricotta, M.; Masaggia, S.; Atzori, B. Comparison of the low-cycle and medium-cycle fatigue behaviour of ferritic,
pearlitic, isothermed and austempered ductile irons. Fatigue Fract. Eng. Mater. Struct. 2013, 36, 913-929.
https://doi.org/10.1111/ffe.12041.

Benedetti, M.; Santus, C.; Raghavendra, S.; Lusuardi, D.; Zanini, F.; Carmignato, S. Multiaxial plain and notch fatigue strength
of thick-walled ductile cast iron EN-GJS-600-3: Combining multiaxial fatigue criteria, theory of critical distances, and defect
sensitivity. Int. |. Fatigue 2022, 156, 106703. https://doi.org/10.1016/j.ijfatigue.2021.106703.



Materials 2024, 17, 4807 25 of 26

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.
53.

Taylor, D.; Hughes, M.; Allen, D. Notch fatigue behaviour in cast irons explained using a fracture mechanics approach. Int. J.
Fatigue 1996, 18, 439-445. https://doi.org/10.1016/0142-1123(96)00018-7.

Vaara, J.; Vantanen, M.; Laine, J.; Kemppainen, ].; Frondelius, T. Prediction of the fatigue limit defining mechanism of nodular
cast iron based on  statistical microstructural features. Eng. Fract.  Mech. 2023, 277, 109004.
https://doi.org/10.1016/j.engfracmech.2022.109004.

Lazzarin, P.; Zambardi, R. A finite-volume-energy based approach to predict the static and fatigue behavior of components
with sharp V-shaped notches. Int. ]. Fract. 2001, 112, 275-298. https://doi.org/10.1023/A:1013595930617.

Atzori, B.; Berto, F.; Lazzarin, P.; Quaresimin, M. Multi-axial fatigue behaviour of a severely notched carbon steel. Int. J. Fatigue
2006, 28, 485-493. https://doi.org/10.1016/j.ijfatigue.2005.05.010.

Berto, F.; Lazzarin, P.; Yates, ].R. Multiaxial fatigue of V-notched steel specimens: A non-conventional application of the local
energy method. Fatigue Fract. Eng. Mater. Struct. 2011, 34, 921-943. https://doi.org/10.1111/j.1460-2695.2011.01585.x.

Benedetti, M.; Berto, F.; Le Bone, L.; Santus, C. A novel Strain-Energy-Density based fatigue criterion accounting for mean stress
and plasticity effects on the medium-to-high-cycle uniaxial fatigue strength of plain and notched components. Int. |. Fatigue
2020, 133, 105397. https://doi.org/10.1016/j.ijfatigue.2019.105397.

Berto, F.; Campagnolo, A.; Lazzarin, P. Fatigue strength of severely notched specimens made of Ti-6Al-4V under multiaxial
loading. Fatigue Fract. Eng. Mater. Struct. 2015, 38, 503-517. https://doi.org/10.1111/ffe.12272.

Meneghetti, G.; Campagnolo, A.; Berto, F.; Tanaka, K. Notched Ti-6Al-4V titanium bars under multiaxial fatigue: Synthesis of
crack initiation life based on the averaged strain energy density. Theor. Appl. Fract. Mech. 2018, 96, 509-533.
https://doi.org/10.1016/j.tafmec.2018.06.010.

Pedranz, M.; Fontanari, V.; Santus, C.; Lusuardi, D.; Berto, F.; Benedetti, M. A strain energy density design approach for large
cast iron components: From microstructural analysis to multiaxial fatigue response. Int. ]. Fatigue 2023, 175, 107824.
https://doi.org/10.1016/j.ijfatigue.2023.107824.

Neuber, H. Kerbspannungslehre, 2nd ed.; Springer: Berlin, Germany, 1958; ISBN 978-3-642-63199-3.

Neuber, H. Theory of Notch Stresses; Springer: Berlin, Germany, 1958.

Neuber, H. Uber die Beriicksichtigung der Spannungskonzentration bei Festigkeitsberechnungen. Konstruktion 1968, 20, 245—
251.

Peterson, R.E. Notch Sensitivity; Sines, G., Waisman, J.L., Eds.; Metal fatigue; McGraw Hill: New York, NY, USA, 1959.

Tanaka, K. Engineering formulae for fatigue strength reduction due to crack-like notches. Int. J. Fract. 1983, 22, R39-R46.
https://doi.org/10.1007/BF00942722.

Sheppard, S.D. Field Effects in Fatigue Crack Initiation: Long Life Fatigue Strength. J. Mech. Des. 1991, 113, 188.
https://doi.org/10.1115/1.2912768.

Taylor, D. Geometrical effects in fatigue: A wunifying theoretical model. Int. ]. Fatigue 1999, 21, 413-420.
https://doi.org/10.1016/S0142-1123(99)00007-9.

Lazzarin, P.; Sonsino, C.M.; Zambardi, R. A notch stress intensity approach to assess the multiaxial fatigue strength of welded
tube-to-flange joints subjected to combined loadings. Fatigue Fract. Eng. Mater. Struct. 2004, 27, 127-140.
https://doi.org/10.1111/j.1460-2695.2004.00733.x.

Lazzarin, P.; Berto, F. Some expressions for the strain energy in a finite volume surrounding the root of blunt V-notches. Int. |.
Fract. 2005, 135, 161-185. https://doi.org/10.1007/s10704-005-3943-6.

Livieri, P.; Lazzarin, P. Fatigue strength of steel and aluminium welded joints based on generalised stress intensity factors and
local strain energy values. Int. J. Fract. 2005, 133, 247-276. https://doi.org/10.1007/s10704-005-4043-3.

Lazzarin, P.; Berto, F.; Zappalorto, M. Rapid calculations of notch stress intensity factors based on averaged strain energy den-
sity from coarse meshes: Theoretical bases and applications. Int. ]  Fatigue 2010, 32, 1559-1567.
https://doi.org/10.1016/j.ijfatigue.2010.02.017.

Morrow, J. Cyclic Plastic Strain Energy and Fatigue of Metals. In Internal Friction, Damping, and Cyclic Plasticity; ASTM Interna-
tional: West Conshohocken, PA, USA; 1965 pp. 45-87, 19428-2959.

Ellyin, F. Cyclic Strain Energy Density As a Criterion for Multiaxial Fatigue Failure; Brown, M.W., Miller, K.J., Eds.; EGF Publication:
London, UK, 1989.

Ellyin, F. Fatigue Damage, Crack Growth and Life Prediction; Springer: Dordrecht, The Netherlands, 1996; ISBN 978-94-010-7175-8.
Schuscha, M.; Leitner, M.; Stoschka, M.; Meneghetti, G. Local strain energy density approach to assess the fatigue strength of
sharp and blunt V-notches in cast steel. Int. ]. Fatigue 2020, 132, 105334. https://doi.org/10.1016/j.ijffatigue.2019.105334.

Zhao, P.;Lu, T.-Y.; Gong, ].-G.; Xuan, F.-Z; Berto, F. A strain energy density based life prediction model for notched components
in low cycle fatigue regime. Int. . Press. Vessel. Pip. 2021, 193, 104458. https://doi.org/10.1016/j.ijpvp.2021.104458.

Horvath, M.; Oberreiter, M.; Stoschka, M. A Numerically Efficient Method to Assess the Elastic-Plastic Strain Energy Density
of Notched and Imperfective Cast Steel Components. Appl. Mech. 2023, 4, 528-566. https://doi.org/10.3390/applmech4020030.
EN 1563:2018; Founding —Spheroidal Graphite Cast Irons. 2018. BSI (London, UK)

Pelizzari, ].; Campagnolo, A.; Dengo, C.; Meneghetti, G. Fatigue behavior of a nodular cast iron subjected to a variable ampli-
tude strain-based load spectrum applied in bench tests of an Off-highway axle. Procedia Struct. Integr. 2024, 57, 817-823.
https://doi.org/10.1016/j.prostr.2024.03.088.

ISO 945-1:2019. Microstructure of Cast Irons. International Organization for Standardization (ISO): London, UK, 2019.

ISO 6506-1:2014; Metallic Materials— Brinell Hardness Test. London, UK, 2014.



Materials 2024, 17, 4807 26 of 26

54.

55.
56.

57.
58.

Murakami, Y. Metal Fatigue: Effects of Small Defects and Nonmetallic Inclusions; Elsevier Science Ltd.: London, UK, 2002; ISBN
9780128138762.

ISO 6892-1:2016; Metallic Materials—Tensile Testing. London, UK, 2016.

ASTM E 606-04; Standard Practice for Strain-Controlled Fatigue Testing. ASTM International: West Conshohocken, PA, USA,
2004;.

ISO 12107:2003; Metallic Materials —Fatigue Testing —Statistical Planning and Analysis of Data. London, UK, 2003.

Chaboche, J.L. A review of some plasticity and viscoplasticity constitutive theories. Int. J. Plast. 2008, 24, 1642-1693.
https://doi.org/10.1016/j.ijplas.2008.03.009.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



