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ARTICLE INFO ABSTRACT
Keywords: Heavy-section castings of ductile cast iron (DCI) unavoidably contain micro shrinkage porosity due to non-
Ductile cast iron uniform, slow cooling, and service components also feature geometric stress raisers. This study quantifies how

Uniaxial fatigue
Shrinkage pores
Highly stressed volume
Notch-pores interaction

these two realities—intrinsic defects and notches—jointly control fatigue resistance and formalizes a design
approach that accounts for their interaction. We compare a pearlitic EN-GJS-600-3 (GJS-600-3) and a high-
silicon solid solution strengthened ferritic (HSi) DCI, which exhibit different matrix ductility and distinct pore
populations. Pore size distributions are characterized (via X-ray computed tomography, CT), and extreme-value
statistics are used to estimate the most critical defect expected in the highly stressed region of notched specimens.
This defect measure is then coupled to a strain energy density (SED) criterion to predict fatigue limits. Fatigue
tests on plain and V-notched specimens with varying notch severity reveal a systematic transition from pore-
dominated initiation (plain and mildly notched) to notch-dominated initiation (severe notches). The proposed
CT-statistics—SED framework reproduces both the fatigue limits and the observed switch in the governing
initiation site. Compared with GJS-600-3, the HSi grade shows lower intrinsic fatigue strength but greater
tolerance to distributed microporosity, leading to improved reliability in geometries with large highly stressed
volumes. The approach provides a practical route to defect-aware fatigue design of DCI components, suggesting
material-and-geometry selection: pearlitic grades for smaller, sharper features where notch control prevails;
high-silicon ferritic grades for large, blunt features where defect tolerance is paramount. Overall, the method
supports lighter, more reliable cast designs without resorting to overly conservative safety factors.

consumption during processing and the potential for extended service
life through defect-tolerant design [8].

However, predicting the fatigue performance of heavy-section
components remains challenging, because their microstructure and
defect population differ markedly from those of the thin or laboratory-
scale castings typically examined in the literature. Slow solidification
promotes the formation of microshrinkage porosity [9,10], whereas
service-relevant geometries often incorporate pronounced stress raisers.
Understanding how these two factors—intrinsic porosity and geometric
notches—interact to control fatigue initiation is therefore essential for
achieving safe, efficient, and defect-aware design of heavy-section DCI
components. While macroporosity (on the order of centimeters) can be
detected during quality control by non-destructive tests and generally
predicted by casting simulation software, micro shrinkage porosity, with
pore sizes up to a few millimeters, remains unavoidable in large castings
and significantly more insidious [11,12]. These defects are often

1. Introduction

Ductile cast iron (DCI), also referred to as nodular cast iron or
spheroidal graphite iron, is increasingly recognized as a key structural
material in modern industry. Its unique combination of mechanical
strength, castability, and cost-effectiveness has led to widespread
adoption in automotive, energy, cement production, and heavy ma-
chinery applications [1-3]. In many industrial cases, for large, complex,
thick-walled components, DCIs can offer a cost-effective alternative to
forged steel parts, owing to improved castability, lower machining al-
lowances, and favorable material yields [4,5]. Their production flexi-
bility enables the design of intricate shapes in a single casting step,
minimizing machining requirements and material waste [6,7].
Furthermore, in a context where sustainability and resource efficiency
are increasingly crucial, DCIs offer advantages in terms of lower energy
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Nomenclature

List of symbols

2a Notch opening angle

E Young’s modulus

EB-HSV Energy based highly stressed volume
G Shear modulus

HB Brinell hardness

HSV Highly stressed volume

UTS Ultimate tensile strength

Vo Scanned volume in CT scans
v Actual process volume

dgp Feret diameter

F Cumulative probability

Kep Pore fatigue stress concentration factor

Kin Notch fatigue stress concentration factor

K Combined pore-notch fatigue stress concentration factor
R Mode I SED control radius

Yo Volume scaling factor

e Strain at tensile failure

Y Fitting parameter that correlates K¢p to dp

A Shape parameter of the pores’ statistical distribution
8 Scale parameter of the pores’ statistical distribution
o; Intrinsic fatigue strength

of fatigue strength of unnotched specimens

GHCF Combined pore-notch high cycle fatigue strength

Gy,0.2 Yield strength

randomly distributed within the casting, and their morphology and
density strongly depend on local thermal history, alloy composition, and
melt treatment [13,14]. When located at critical stress regions, micro-
pores act as stress concentrators and preferential sites for fatigue crack
initiation [15,16]. Experimental evidence has demonstrated that their
presence can reduce the fatigue strength of ductile irons by as much as
40 % compared to pore-free material [17]. Such a reduction is highly
detrimental and limiting in safety—critical applications and compels
designers to adopt conservative safety factors [18], ultimately limiting
the efficiency and sustainability of the material.

The problem is compounded by the stochastic nature of micropo-
rosity. Unlike deterministic geometrical features such as notches or fil-
lets, micropores vary in size, shape, and location in ways that are not
easily predictable [14,19]. Foundry practices, including the use of
chillers, exothermic sleeves, optimized feeding systems and proper melt
treatment and inoculation can mitigate microporosity but cannot
completely prevent its formation in heavy castings [2,20]. Moreover,
commercial casting simulation software, while effective in predicting
macroporosity, fails to predict the onset of microporosity [13]. Most of
these tools rely on simplified thermal analyses and semi-empirical
criteria —for example, the Niyama criterion [21], originally calibrated
on steel castings and therefore not fully representative of the distinct
solidification behavior of DCIs [22,23]. As a result, designers often
cannot anticipate the size and distribution of micropores in a given
casting, leading to overly conservative designs that penalize weight and
cost efficiency.

From a structural-design standpoint, the implications are substantial.
The conventional workflow compares FE-computed peak stresses with
S-N data from smooth, defect-free specimens [18]. In practice, this folds
the effect of casting defects into an “intrinsic” material property and
neglects stress-gradient effects, which are decisive for whether a pore
located near a notch or surface irregularity will trigger fatigue damage
[17]. As a result, traditional checks can be non-conservative—e.g.,
treating pores in a notched hotspot as if they behaved like those in plain
specimens—or overly conservative—e.g., using plain-specimen data
from small laboratory castings whose defect population differs markedly
from that of a thick-walled component [24]. Both situations degrade
prediction quality and lead to suboptimal material utilization.

To overcome these limitations, several defect-sensitive approaches
have been developed. Murakami’s 1/area model remains a cornerstone,
providing a first-order approximation of the fatigue limit as a function of
the projected area of the most critical defect [25,26]. Although highly
influential, this model does not fully capture defect-notch interactions
or stress gradient effects. Statistical treatments, particularly extreme
value statistics (EVS) [27,28], have been successfully used to estimate
the largest expected defect in a stressed volume and link it to fatigue
strength [29-32]. At the same time, approaches based on the theory of
critical distances (TCD) [33] and strain energy density (SED) [34] have

been employed to model the role of stress gradients around notches and
microdefects. Originally developed for defect-free metals, these methods
have recently been adapted to defect-sensitive materials such as cast
irons, showing good predictive capability [35-37].

Recent contributions from our group have integrated CT-based
defect characterization, EVS, and SED into an energy-based definition
of the highly stressed volume (EB-HSV), providing a useful framework to
link the effect of defect population to that of geometric stress raisers
[17]. This methodology successfully predicted whether fatigue failure
would be dominated by notches or pores in pearlitic ductile iron EN-
GJS-600-3 (GJS-600-3) and was validated against experimental fatigue
data [17]. Nevertheless, significant questions remain open.

High-silicon ferritic ductile cast irons (HSi grades) have received
limited attention in defect-sensitive fatigue studies, despite their
increasing industrial relevance [15,38]. Their ferritic matrix, stabilized
and strengthened by silicon, provides good ductility and oxidation
resistance, along with lower notch sensitivity compared to pearlitic
grades [39,40]. While pearlitic DCIs generally exhibit higher fatigue
strength when failure is governed by matrix hardness, nodule
morphology, or graphite distribution—as is typically the case in thin or
small castings where shrinkage porosity is rare—HSi grades may
outperform them in pore-dominated regimes characteristic of thick-
walled components. Although the intrinsic fatigue strength of HSi is
lower, their potentially higher tolerance to microshrinkage porosity
makes them attractive candidates for large heavy-section castings
[36,38]. Nevertheless, comparative studies that directly assess pearlitic
GJS-600-3 and HSi grades under identical casting, defect, and loading
conditions remain scarce [36].

The present work advances the fatigue characterization of ductile
cast irons through a comparative investigation of the plain and notched
fatigue strengths of EN-GJS-600-3 (pearlitic) and HSi (high-silicon
ferritic) grades. Unlike most studies, which focus on thin or small cast-
ings (see for instance [6,15 38]), this work examines microstructural
conditions representative of thick-walled components, where cooling
rates and defect populations differ substantially. High-resolution X-ray
CT is used to quantify pore size distribution, morphology, and spatial
arrangement in both grades, and extreme-value statistics (EVS) are
employed to estimate the critical defect expected within the energy-
based highly stressed volume (EB-HSV). Local stress concentration ef-
fects are evaluated through SED-based finite element analyses. By
extending the EB-HSV/SED framework originally developed for GJS-
600-3 in [17], the present study provides a mechanistic and quantitative
separation between pore-dominated and notch-dominated regimes,
enabling the first geometry- and defect-aware comparison of the fatigue
performance of these two technologically important DCI grades. This
unified approach clarifies in which design scenarios each material is
expected to outperform the other and leads to a simplified, design-ready
criterion that incorporates the competitive nature of geometric stress
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raisers and intrinsic porosity—thereby offering a more robust basis for
material selection and fatigue assessment in heavy-section DCI
components.

The paper is structured as follows. Section 2 describes the investi-
gated materials, casting conditions, CT-based pore characterization,
statistical modelling, and uniaxial fatigue testing. Section 3 introduces
the SED-based finite element framework used to determine intrinsic
fatigue properties and to quantify local stress concentration effects
associated with the pore population. Section 4 integrates these elements
within the EB-HSV approach to evaluate the competition between notch-
and pore-driven initiation and validates the framework against experi-
mental results across notch severities. Section 5 translates these findings
into simplified, design-oriented guidelines for engineering use. Section
6 positions the proposed methodology within the context of classical
defect-sensitive fatigue models, including a comparison through Kita-
gawa-Takahashi diagrams. Finally, Section 7 summarizes the main
conclusions and outlines directions for future research.

2. Material and experimental characterization

Standards for DCIs classify grades primarily by tensile properties
measured on machined specimens, with an additional impact require-
ment for grades intended for low-temperature service. Because these
properties are sensitive to solidification and cooling time, the optimal
chemistry for a given grade depends on the size and geometry of the
casting. In large sections, the response within the elastic range up to
yield is relatively stable; however, post-yield behavior and ductility are
strongly section-dependent. Given that our objective is to compare a
pearlitic DCI with a high-silicon, solution-strengthened ferritic (HSi)
DCI, the chemical compositions were selected to meet target yield
strengths for the respective grades. For the pearlitic grade, it is impor-
tant to note that the ultimate tensile strength in thick-section castings is
typically lower than the nominal values specified by standards. This
reduction stems from diminished ductility and, consequently, a smaller
strain-hardening contribution to fracture strength—effects that are not
fully captured by current standards.

The study considers two materials: a pearlitic EN-GJ-600-3 (here-
after GJS-600-3) and a silicon-solution-strengthened ferritic ductile iron
(hereafter HSi). The HSi grade was engineered to sit between EN-GJS-
450-18 and EN-GJS-500-10 in both composition and mechanical
response, and is treated here as a single representative ferritic variant.
The chemical compositions and main mechanical properties of the two
DCI grades are reported in Table 1. All the tested specimens were
extracted from a large cast cylinder with 300 mm diameter and 520 mm
height, whose cooling rate was defined to reproduce that of a thick-
walled cast as described in [17].

Fig. 1 compares the microstructures of the two DCI grades, empha-
sizing the distinct distribution and morphology of the graphite nodules.
The GJS-600-3 grade exhibits a predominantly pearlitic matrix with
ferritic zones, mainly surrounding the nodules, whereas the HSi grade
shows a fully ferritic microstructure.

Metrological X-ray CT was exploited to evaluate the statistical dis-
tributions of both graphite nodules and shrinkage pores inside the two
investigated DCI grades, analyzing a scanned volume V = 504 mm? and
Vo = 650 mm?® in GJS-600-3 and HSi, respectively. The analyses were

Table 1
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conducted using a Nikon Metrology MCT225 system (Nikon Metrology,
UK) characterized by a micro-focus X-ray source (minimum focal spot
size equal to 3 pm), 16-bit flat panel detector with 2000 x 2000 pixel
grid, and temperature-controlled cabinet (20 + 0.5 °C). The voxel size
was set equal to 5.8 um. The obtained CT reconstructions are shown in
Fig. 2.

All CT-scanned specimens were extracted from the same thick-walled
casting and underwent similar cooling histories, ensuring that the
resulting porosity is representative and statistically uniform throughout
the volume of interest. Therefore, the objective of the CT investigation is
not to map the spatial distribution of defects, but to obtain an accurate
statistical characterization of pore size and morphology. This informa-
tion, together with EVS, enables the estimation of the most critical defect
expected in any highly stressed volume, which is the quantity directly
controlling fatigue initiation in the proposed model.

CT analyses revealed two distinct porosity signatures: the pearlitic
GJS-600-3 contains relatively few but larger pores with random spatial
locations, whereas the ferritic HSi contains many smaller pores
distributed more uniformly throughout the volume. Representative 3D
reconstructions of shrinkage pores are shown in Fig. 3. Pores in the HSi
grade exhibit a markedly more irregular morphology than those in GJS-
600-3, with sharper concavities and branching features suggesting
higher surface-to-volume ratios.

As reported in [17] the Feret diameter was adopted as geometrical
parameter to describe the statistical distribution of the shrinkage pores.
The CT data were analyzed adopting the statistics of the largest extreme
value distribution (LEVD) using the Maximum Likelihood Method [41],
thus using the following expression, as function of the pore’s Feret
diameter (dg):

dp = 2+ 8(—In(~In(F))) ¢))

Where A and § are the shape and scale parameters, respectively, and F is
the cumulative probability. The fitted statistical distributions are shown
in Fig. 4.

At a fixed Feret diameter, pores in the HSi grade exhibit more
complex (less spherical) geometries and smaller volumes, implying
higher surface area, whereas pores in GJS-600-3 are smoother and
bulkier, with lower surface area. Consistent with this, Fig. 4 shows that
HSi contains a denser pore population; however, the largest por-
es—those most relevant for fatigue initiation—are generally smaller in
HSi than in GJS-600-3.

Uniaxial fully-reversed (stress ratio R = —1) load-controlled fatigue
tests were performed on axisymmetric V-notched specimens whose ge-
ometry is shown in Fig. 5. Briefly, the specimen set spans a controlled
transition from a sharp V-notch (the opening angle 2« in Fig. 5a is 60°)
toward a plain (shown in Fig. 5b, 2a virtually 180°) geometry by pro-
gressively increasing the notch opening angle 2a (100°, 140°, 160°,
170°), thereby systematically reducing notch severity.

The results of the experiments obtained on the GJS-600-3 cast iron
grade are reported in [17]. Consistent with that study, the S-N data
obtained for the HSi grade (Fig. 6a) were fitted using the asymptotic
Stromeyer equation [42]:

ko

Ona = ki +—- (2
Nl’f<3

Chemical composition and main static mechanical properties of the investigated DCI grades. cy,.2: 0.2% yield stress, UTS: ultimate tensile strength, e total defor-

mation at failure, HB: Brinell hardness.

% C Si Mn P S Cu Ni Mg

GJS-600-3 3.55 2.39 0.28 0.038 0.009 0.52 0.02 0.046

HSi 3.43 3.57 0.19 0.04 0.009 0.06 0.02 0.043
0y,0.2 (MPa) UTS (MPa) e (%) HB

GJS-600-3 363+ 8 485 + 15 21+0.5 198 + 4

HSi 376 £ 8 482 +7 12.0 £ 3.1 176 £ 4




M. Benedetti et al.

International Journal of Fatigue 206 (2026) 109455

Fig. 1. A) mainly pearlitic microstructure of gjs-600-3, b) fully ferritic microstructure of HSi.

GJS-600-3 HSi

06.5

Fig. 2. CT detection of microshrinkage porosity (coloured spots) in the two
investigated DCI grades. Clear differences in pore amount, size and morphology
are evident between the materials.

which provides a smooth transition between the finite-life and
endurance-limit regimes and accurately captures the knee exhibited by
the experimental S-N trends. This functional form is widely used for cast
irons and other materials that exhibit a pronounced asymptotic fatigue
limit. The fitting parameters k;, ko, ks are listed in Table 2 along with
standard deviation. The goodness-of-fit was excellent for all SN curves,
with R? = 0.99 and low, randomly distributed residuals across the full
lifetime range, confirming the suitability of the Stromeyer model for the
present dataset. The fitted curves are shown in Fig. 6a for a 50 % failure
probability (solid line), with 10 % and 90 % probability bounds

GJS-600-3

oo

1 mm

indicated by the colored scatter band.

Fig. 6b compares the 50 % failure-probability S-N curves of the two
DCI grades for (i) plain specimens and (ii) sharp V-notched specimens
(60° opening angle, root radius R = 0.2 mm), which represent the most
severe notch condition investigated. A clear reversal in fatigue strength
is observed when moving from the plain to the sharply notched condi-
tion: the grade superior in the plain configuration becomes inferior
under the sharp notch, and vice versa. To elucidate the underlying
mechanisms, detailed SEM fractography was performed on both plain
and notched specimens, focusing on how notch severity and micro-
shrinkage pores jointly govern crack initiation and early propagation
across the tested geometries.

Hsi |
A=0.529 mm; & =0.149 mm

—In(=In(F))

Reduced variate, v,

T

0.0 0.5 1.0 I8 2.0
Pore Feret diameter, . (mm)
Fig. 4. Statistical distributions of Feret diameter of shrinkage pores collected

by CT scans for the investigated materials. A and & are shape and scale pa-
rameters of the cumulative probability function expressed by Eq. (1).

HSi

G o~

1 mm
—_—

Fig. 3. CT 3D reconstructions of shrinkage pores showing different morphologies for the two investigated DCI grades.
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Fig. 5. Technical drawings of the specimens used in fatigue axial tests: (a) V-
notched specimens with variable opening angle angle 2 of 60°, 100°, 140°,
160°, 170°; (b) plain specimen with a gage diameter of 14 mm.

3. Sed-based modeling of notch effects associated to pores
population

The 3D reconstruction of some shrinkage pores extracted from CT
scan were used to create finite element models, where single pores are
randomly rotated and placed in a plain specimen with 14 mm diameter
and rotated to assume different configurations with respect to the
loading direction. The same approach was already presented in [17] for
GJS-600-3 grade. This work integrates the analysis with the data related
to the HSi DCI grade.

Finite-element results were interpreted using a strain-energy—density
(SED) approach to quantify the influence of pores on fatigue strength. In
this framework, the SED is volume-averaged over a control region (torus
of radius R; ) centered on the pore hotspot, i.e., the location experiencing
the most severe local stress state. For this purpose, a prior calibration of
the matrix intrinsic fatigue strength and the associated control radius R;
is required before evaluating pore effects. An inverse search procedure
based on the knowledge of the fatigue strength of at least two V-notched
axisymmetric specimens is adopted. This strategy, explained in [43],
aims to eliminate the influence of intrinsic pores and produces a reliable
estimate of the intrinsic fatigue strength of the matrix (o), including the
effects of microstructure and graphite nodules. For GJS-600-3, the
inversion procedure follows [17] and uses two 60° V-notched geome-
tries that differ only in root radius (R = 0.2 and 1 mm). This strategy was
not adopted for HSi because the two 60° variants exhibited nearly
identical fatigue strengths, rendering the inversion ill-conditioned and
thus not robust. Instead, for HSi we employed three V-notched geome-
tries with opening angles of 60°, 100°, and 140°. As shown later, these
cases lie in a notch-controlled regime (i.e., not governed by
microporosity-triggered initiation), which provides a more reliable basis
for inversion.

The results of this inversion method are summarized in Table 3
together with the values of fatigue strength (o) measured on plain
specimens. Interestingly, the oy, values are in very good agreement with
those estimated in [38] for DCI grades with fully pearlitic and fully
ferritic microstructures and negligible effects of micro-shrinkage
porosity.

The detailed description and the flow chart representing the SED-
based procedure for FE modelling of the critical fatigue stress concen-
tration factor K¢p in each of the pore configurations inside the tested
volume is reported in [17]. In brief, the model is meshed, and the

International Journal of Fatigue 206 (2026) 109455
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Fig. 6. (a) Axial SN fatigue curves on plain and V notched specimens made of
HSi DCI. b) Comparison between 50% failure probability SN curves obtained on
plain and s notched specimens (opening angle 60°) made of HSi and GJS600
DCI grades. The SN curves are obtained through interpolation of Equation (2)
whose best-fit coefficients are listed in Table 2.

Table 2

Best fit coefficients of Eq. (2) used to interpolate the SN curves on HSi grade as
explained in [17]. S is the standard deviation. o is the fatigue strength at
5 ¢ 10° cycles.

Specimen ky ko ks S onat5 e 10°cycles
geometry (MPa) (MPa) (MPa)
Plain specimen 155 2081 0.261 16.5 191
(180°)
170° 171 32,247 0.506 7.0 184
160° 138 1490 0.233 20.2 179
140° 101 19,833 0.477 18.0 114
100° 65 8144 0.422 11.2 77
60° 63 2833 0.303 5.3 90

volume is loaded with unitary remote stress. At local stress maxima
around the pore a spherical control volume of radius R;, centered at the
peak of maximum principal stress, is defined over which the mean SED is
evaluated. The procedure is iterated until the whole surface of the pore
is covered. The maximum evaluated SED, regarded as SEDy,y, is taken as
representative of the analyzed pore and used to calculate the pore’s
fatigue stress concentration factor Kip according to the following
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Table 3
Plain fatigue strength of , i ntrinsic fatigue strength oy, SED control radius Ry
inferred by the inversion procedure at 5 ¢ 10° cycles.

DCI grade on(MPa) o(MPa) Ri(mm) Sensitivity to pores
GJS-600-3 161 £10 277 £25 0.15 High
HSi 191 +16 235+ 25 0.16 Low
expression:
Ko — SEDmax _ SEDmax (3)
fp = =
SEDnominal %

where 6,0minal = 1 MPa is the applied unitary nominal stress, and E is the
elastic modulus. In total, 200 GJS-600-3 and 40 HSi randomly
embedded pore configurations were analyzed in a plain specimen with a
14 mm gauge diameter.

Fig. 7 reports the cumulative distributions of the probabilistic fatigue
notch factor, K¢ p, for the two DCI grades. A clear separation emerges: the
HSi grade exhibits a noticeably steeper cumulative curve—consistent
with a predominance of medium-to-low K p values—and its upper tail is
truncated, with significantly lower extreme K;p values than those of
GJS-600-3.

Following the classification approach reported in [17] that relates
Ksp to the Feret diameter dr of the pore, the data were then fitted ac-
cording to the following power-law equation [42]:

Y
Kip = (—dF""“ ) @

dF,nodule

where dr pore is the pore’s Feret diameter, dg nodule is the graphite nodules
maximum Feret diameter, and y is a fitting parameter. The maximum
dr nodule @ssessed by analyzing the data coming from the CT scans are
equal to 160 pm for the GJS-600-3 grade, and 67 um for the HSi grade.
Notch effect of pores is assumed as irrelevant when dg pore < dr nodule
(Fig. 8).

The finite element simulations show that the HSi grade is consider-
ably less sensitive to shrinkage pores compared to the GJS-600-3 grade.
This phenomenon is explained by two main reasons: (i) the SED control
radius of the HSi grade is slightly larger than the GJS-600-3's one,
making the material less sensitive to geometrical discontinuities. This is
reasonable, as the ferritic matrix is characterized by a ductile behavior,

1.0

T ] w ~
o
oo @ Q{
N
= A 3
0.8 & H5I |
 oo® o GJS-600-3
2 5@
E
2 0.6 4
g
=9
v
Z
= 0.4 .
2
5
3
0.2 -
0.0 T T T T
1.0 1.4 1.6 1.8 2.0

SED-based K,

Fig. 7. Cumulative curves of the pore fatigue stress concentration factor K¢p
calculated for the two DCI grades.
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Fig. 8. Fatigue stress concentration factor at pores as function of the pore’s
size, for the two investigated materials. The numerical data were fitted using
the power-law model expressed in Eq. (4), with the exponent y represented by
the slope of the double-logarithmic plot.

as confirmed by the elongation at fracture () reported in Table 1, (ii)
the peculiar morphology of HSi grade’s shrinkage pores, characterized
by a large surface area and small volume, is producing less severe stress
intensification, thus decreasing the impact of pores on the fatigue
properties of the material.

4. Probabilistic evaluation of notch-pores interaction

The Feret diameter represents a possible choice of dimensional
parameter to be used to estimate the expected pore size in a sampled
volume of material. For this purpose, extreme value statistics based on
the maximum likelihood criterion are used. If V{ indicates the volume
subjected to CT scan on which the pore population was identified, V is
the given volume on which the expected pore size must be estimated as a
function of the cumulative probability, the Makkonen et al. [44] model
based on the scaling factor y, can be adopted:

dy(F, V) =[2+6(—In(—1In(F)))] e x,

de(F, V) )

dp (F% (5)
Yo = ( 0>

s (FV)

dr(F, V) V>

As elucidated in [17], the maximum expected pore size is taken at
F = 0.99, and the volume V is defined as the highly stressed volume
(HSV). This is defined as the set of material points where the local stress
lies within the “effective” notch-controlled window bounded above by
the hotspot peak and below by the pore-reduced threshold:
V:{XGQZ%ﬂS”S”peak} (6)

P

Intuitively, V is the region that is (i) driven by the notch stress field
and (ii) still sufficiently highly loaded that an embedded pore could
interact with—and potentially govern—crack initiation. Since this
definition is related to the energy based (EB) evaluation of the fatigue
stress concentration factor K;p the calculated volume is defined as EB-
HSV.

The unknown values of dr(0.99,V), K¢p and EB-HSV V, mutually
linked through transcendental equation, can be evaluated with an iter-
ative procedure elucidated in [17], starting from a first guess of K¢p.
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Convergence is usually reached in a few iterations. Once K¢p has been
calculated, the pore-dominated fatigue strength can be deduced from
the intrinsic fatigue properties of the pore-free matrix ((7;):

o
of] = —f

= 7
Ker )

Fig. 9 shows the predicted fatigue limit from Eq. (6) as a function of
the EB-HSV, evaluated at a cumulative probability F = 99%. As the EB-
HSV increases, the largest defect expected within that volume also in-
creases, leading to a higher probabilistic pore fatigue stress concentra-
tion factor K;p. Based on the pore population, the ferritic HSi grade is
less sensitive to the sampling volume, while GJS-600-3 significantly
improves its response as the probability of finding large critical pores
within the EB-HSV decreases. Our predictions indicate a crossover
behavior: once the EB-HSV exceeds a few hundredths of mm?, the fa-
tigue limit of the ferritic HSi grade becomes higher than that of the
pearlitic GJS-600-3. Although this may appear counterintuitive given
the higher intrinsic fatigue strength of GJS-600-3, it is explained by the
greater pore sensitivity of the pearlitic matrix. Note that the two curves
are not deterministic; their uncertainty is expected to be comparable to
the scatter bands of the experimentally determined fatigue limits for the
two DCI grades, so the crossover region spans roughly 2-3 orders of
magnitude in EB-HSV. For reference, Fig. 9 also reports the predicted
fatigue limits for plain specimens (diameter 14 mm, gauge length
50 mm), corresponding to an EB-HSV of 7696.9 mm?. These predictions
agree with the plain fatigue limits in Table 2, with an error of about 1 %
for both grades. Further validation of the approach is provided in [17],
where a FEM analysis of a failed specimen—using the CT-identified
critical pore location and SEM-determined initiation site—confirms
the model’s predictions.

Up to this point, the model explicitly addresses the effect of micro-
shrinkage pores on fatigue. Although the notch influences the EB-HSV
definition, its direct contribution to crack-initiation resistance has not
yet been quantified. An analogous SED-based assessment can be carried
out for the notch itself. The detailed procedure is described in [17]. In
brief: (i) build an elastic FE model of the notched geometry; (ii) apply a
unit nominal stress onom = 1; (iii) evaluate the averaged SED in a control
volume of radius R; centered at the notch root; and (iv) compare this to

| —
Intersection between cast-iron grades properties

P .~

200 4 L =T

Exp. data +
scatter band

‘~. < GJIS-600-3

180 -
. ; - L
-Predicted fatigue strength of plain "~
specimens containing pores P 3
: i
.......... b T O S B e SR R T S s P
160 : A2

High-cycle fatigue strength (MPa)

Volume of a plain

: specimen _
TAT eI ey
107 107 107! 10° 10! 10° 10* 10°
EB-HSV (mm°)

Fig. 9. Fatigue strength of the material, containing shrinkage pores, as a
function of the highly stressed volume EB-HSV. Mean value and scatter band of
the fatigue limits found on plain specimens of both DCI grades are indicated for
comparison (GJS-600-3 in red; HSi in blue). The green symbols indicate the
plain-fatigue-strength values predicted for the EB-HSV corresponding to the
plain specimens tested in this work.
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the reference SED for a smooth specimen under the same nominal
loading. The corresponding notch fatigue stress concentration factor K¢ 5
is then obtained according to the following equation.

SED, notch SED, notch
Kin =4/ =,/ 8
N SEDnominal Hrzmzngna] ( )

In components containing both geometric stress raisers and intrinsic
microshrinkage pores, the mechanism that produces the larger fatigue
stress-concentration factor—either the notch (K;y) or the pore (K¢p)—is
expected to govern crack initiation and, hence, the fatigue strength. To
experimentally validate this competition, Fig. 10 plots the high-cycle
fatigue strength versus notch opening angle for both DCI grades,
alongside the two bounding predictions: (i) pore-dominated behavior,
6q/Kep (dash-dot lines), and (ii) notch-dominated behavior, op/Ken
(solid lines). The two materials exhibit distinct crossover behavior. For
GJS-600-3, the data follow the notch-controlled branch at small and
intermediate opening angles and cross to the pore-controlled branch at
~ 160°, indicating that as the notch becomes blunt and the stress
gradient relaxes, the largest pore expected in the EB-HSV governs
initiation. In contrast, for the HSi grade the transition to pore control
occurs only for very blunt geometries (2170°), i.e., when the elastic
stress concentration factor K, approaches unity. This delayed transition
reflects the higher defect tolerance of the ferritic matrix. In Fig. 10, the
regime change is emphasized by switching line thickness at the inter-
section point, marking where the governing mechanism switches from
notch to pore. The model also reproduces the plain-specimen fatigue
limits well, as already shown in Fig. 9. We note, however, that it enforces
a sharp switch between pore- and notch-controlled regimes—a useful
idealization but not fully physical, since it imposes a deterministic
boundary in a region where stochastic effects (defect occurrence, size,
and location) dominate. Consistently, the largest experimental scatter
appears near this transition, indicating a gradual rather than abrupt
mechanism change. Despite this simplification, the design implications
are clear: for very blunt notches (large EB-HSV, pore-controlled), HSi
attains the higher fatigue limit due to its greater defect tolerance; for

300 T X T T T ¥ T T T Y T Y T

250

200 4

150 4|

A

High-cycle fatigue strength (MPa)

100

30 T y T ¥ | | " T y T
60 80 100 120 140 160 180

Notch opening angle, 2a (°)

Fig. 10. High-cycle fatigue strength versus notch opening angle 2« for the two
DCI grades (GJS-600-3 in red; HSi in blue). Symbols: experimental results (with
scatter bars). Lines: model predictions assuming (i) pore-dominated initiation,
oy/Kep (dash-dot), and (ii) notch-dominated initiation, o /K¢y (solid). The
governing mechanism at each angle is indicated by the thicker segment of the
corresponding curve. A crossover from notch to pore control occurs for GJS-
600-3 at ~ 160°, whereas for HSi pore control emerges only for very blunt
geometries (3170°, i.e., K;—1).
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more severe notches (small EB-HSV, notch-controlled), GJS-600-3 le-
verages its higher intrinsic fatigue strength and outperforms HSi.

Recent literature has shown that the specific notch type and geom-
etry can strongly influence fatigue behavior by altering local stress
gradients, plastic-strain localization, and microstructural constraint
conditions. For example, He et al. [45] used crystal-plasticity modeling
to demonstrate how different notch profiles in Ni-based alloys modify
the extent of strain concentration and shift the preferred crack-initiation
paths. Likewise, the study reported in [46] highlights how sharper or
more acute notches intensify stress concentrations and promote earlier
crack initiation. In our work, these effects manifest through the EB-HSV:
sharper notches reduce the EB-HSV, making initiation more sensitive to
intrinsic matrix properties, whereas blunter notches enlarge this volume
and increase the likelihood that fatigue initiation becomes pore-
controlled. Unlike the aforementioned studies, which examine notch
effects in nominally defect-free materials, our results reveal how notch
geometry and shrinkage-pore statistics jointly determine the governing
initiation mechanism in thick-section ductile irons. This provides a
mechanistic explanation for the progressive transition observed in
Fig. 10 and underscores the need to consider both stress-gradient effects
and defect populations in defect-sensitive fatigue assessments.

SEM fractography on representative specimens confirms that
shrinkage pores are the preferred crack-initiation sites in plain and
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mildly notched conditions for both GJS-600-3 and HSi. Conversely, for
sharp V-notches, cracks initiate at the notch root, with early propagation
guided by the local graphite nodule morphology. Figs. 11 and 12
compile fracture surfaces across notch severities for GJS-600-3 and HSi,
respectively. For both materials, the 160° opening angle exhibits a
mixed initiation regime: in most specimens the graphite structure at the
notch root triggers initiation, yet pore-assisted initiation is also observed
in the near-root region—consistent with our earlier observation that the
switch from notch- to pore-controlled initiation is not abrupt but gradual
across a transition band of notch severities (EB-HSV). This mixed
behavior is more pronounced in GJS-600-3.

Taken together, the mechanical results, modeling, and fractography
indicate that material choice should be geometry- and volume-aware.
GJS-600-3 performs slightly better in configurations with sharp
notches (small EB-HSV), where its higher intrinsic fatigue strength
prevails. Conversely, HSi benefits from a less detrimental pore popula-
tion and becomes the preferable option for components with blunt
notches and large highly stressed volumes, even though its ferritic ma-
trix has a lower intrinsic fatigue strength than the pearlitic matrix of
GJS-600-3. Consistent with the fractographic evidence, this switch in
governing mechanism is gradual, occurring across a transition band of
notch severities rather than at a single angle.

Fig. 13 reinterprets Fig. 9 by plotting the high-cycle fatigue strength

Graphite
nodules

Fig. 11. SEM fracture surfaces of GJS-600-3 specimens with different notch severities. The notch opening angle is indicated in the top-left corner of each image.
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Fig. 12. SEM fracture surfaces of HSi specimens with different notch severities. The notch opening angle is indicated in the top-left corner of each image.

of each experimental variant against the energy-based highly stressed
volume (EB-HSV) for (a) HSi and (b) GJS-600-3. Three regimes are
delineated by the relative magnitude of the fatigue stress-concentration
factors due to the notch (K¢y) and to the pore (K¢p):

(i) notch-dominated region where K¢ n > Kgp;
(ii) a transition region centered on the condition K¢y ~ Kgp;
(iii) a pore-dominated region where K¢p > Ki .

Within the transition band, a conservative lower bound is indicated
by assuming full interaction between notch and pore, i.e., a multipli-
cative combination of their effects. Since in the transition region
K¢n = Kgp, the bound reduces to dividing the intrinsic fatigue limit by
the square of the pore factor,

~_ On oq
on~ Kin Kip Kf.N:Kf,P (Kfyp)z

Above the transition (large EB-HSV), pore control prevails; below it
(small EB-HSV), notch control governs—consistent with the crossover
behavior discussed for Fig. 10. Note that the 160° and 170° notched
variants lie in Fig. 13 within the transition band (Kiy = K¢p). This
placement is consistent with SEM fractography, which shows concurrent
notch-root and pore-assisted initiation—i.e., a mixed mechanism in this

9

EB-HSV range. Conversely, the 60°, 100°, and 140° variants plot within
the notch-dominated region (Kin > Kp), in line with the expectation
that sharper notches (smaller EB-HSV) are governed by notch-root
control.

Fig. 13 can be also used as a design map. For a given component:

1. Evaluate geometric effects with the SED approach (Section 4) to
obtain K¢y for the notch(es) and compute the EB-HSV of the hotspot.

2. Locate the working point on Fig. 13 using the EB-HSV on the abscissa
and the nominal high-cycle fatigue strength on the ordinate (initially
neglecting pores when estimating the strength).

3. If the point falls in the notch-dominated region (K¢y > K¢p): the
notch governs; the predicted fatigue strength o /K¢y can be used
directly for design—no further pore analysis is needed.

4. If the point falls in the pore-dominated region (K¢p > K ; full square
in Fig. 12): pores govern; design must be based on the critical pore
expected in the EB-HSV. The working point is shifted (arrow in
Fig. 13) to the pore-controlled curve oy /Kgp.

5. If the point lies in the interaction band (K¢ ~ Kip): a refined anal-
ysis is required, explicitly inserting a representative pore near the
hotspot and re-assessing with SED. A conservative lower bound in

this band is o5/ (K xKep) = 05/ (Kep)®.
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Fig. 13. High-cycle fatigue strength versus EB-HSV (mm?, log scale) for (a) HSi
and (b) GJS-600-3. Symbols: experimental variants annotated by notch opening
angle (HSi: triangles; GJS-600-3: circles), plain specimens at 180°. Shaded re-
gions delineate mechanisms based on the relative fatigue stress-concentration
factors: notch-dominated when K¢y > K¢p (grey), pore-dominated when K¢p >
K¢n (hatched), and a transition band centred on K¢y =~ K¢p (white). A conser-
vative lower bound in the transition assumes full interaction,
on ~ o5/ (KenKep) = 05/ (K¢p)?. The filled square illustrates a design “working
point” in the pore-dominated regime and the arrow indicates shifting the design
strength to the pore-controlled curve of /K p.

This workflow enables geometry- and defect-aware design: use notch
control when EB-HSV is small, pore control when EB-HSV is large, and
perform targeted local modeling in the transition regime.

5. Simplified design and testing guidelines to account for pore-
notch competition

The EB-HSV/CT/FE framework in Section 4 is predictive but
demanding: it requires CT scans, FE simulations over a pore ensemble to
obtain the distribution of K p, and an iterative evaluation of EB-HSV. In
conclusion, we propose a simplified alternative that preserves the key
physics and supports day-to-day design without heavy characterization.
The analysis on the two nodular cast irons highlights that fatigue dam-
age is governed by different mechanisms in the two extremes:
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e Sharp-notch components (small EB-HSV): The probability of hosting
a critical shrinkage pore in the relatively small highly stressed vol-
ume at the notch root is low. Fatigue is therefore notch-dominated
and controlled by the intrinsic behavior of the metallic matrix and
its graphite structure.

Plain or very blunt components (large EB-HSV): The response is pore-
dominated: the pore population acts as a family of internal notches
and the most critical pore triggers fatigue.

This dichotomy suggests that a small, targeted test matrix is suffi-
cient to calibrate a design-ready model. Specifically, (i) two S-N curves
obtained from specimens with sharp notches of different severity (e.g.,
same opening angle with two root radii, or two opening angles with the
same radius) are used to identify the intrinsic fatigue strength of the
matrix, csf*], and the SED control radius R;. In practice, each of the three
required fatigue limits—the plain specimen and the two sharp-notched
geometries—can be determined from a compact S-N subset consisting
of 12 specimens tested at four stress levels with three replicates each.
This test layout yielded high-quality Stromeyer fits (Eq. (2), R% ~ 0.99)
and provided oy, estimates with the accuracy needed for the simplified
fatigue design workflow.

The notch fatigue stress concentration factor can be obtained from
the averaged SED according to Eq. (7). (ii) one S-N curve obtained from
tests on plain specimens permits to estimate the plain fatigue strength of
the plain specimens (o7) weakened by the largest pore expected in its
EB-HSV Vjjain. Given the plain-specimen fatigue limit o and an estimate
of the intrinsic fatigue limit oy, the pore-driven fatigue stress concen-
tration factor associated with the pore family expected in the plain
gauge volume Vi is:

Kip = —
o1

(10)

For any notched geometry, compute the notch-driven fatigue factor K¢y
(via SED with control radius R;). As a first-order design check, compare
K¢n with K¢ p from Eq. (10) to assess whether the geometric notch or the
shrinkage-pore population is more critical. The resulting high-cycle fa-
tigue strength oy is then:

Oncr = %J(f = max (K¢n, Kep) an

Eq. (11) is qualitatively plotted in the sketch reported in Fig. 14
(solid line). This rule intentionally neglects the mild volume strength-
ening expected for small EB-HSV (smaller volumes — smaller critical
pores), which could be estimated from the pore size distribution using
extreme-value statistics. It therefore conservatively uses Eq. (10) for
pores so long as the component’s EB-HSV does not exceed Vjj,in. Finally,
in the transition band where K;y ~ K;p, notch-pore interaction is ex-
pected, as discussed in Section 4 and also demonstrated in [17] by finite
element modelling of pores located near the root of the notch. The
precautionary lower bound in Fig. 14 (solid red line) accounts for por-
e-notch interaction by assuming that, in notched components with EB-
HSV <V, a critical pore is present that produces the same K;p as
measured in the plain specimen. Applying the concept sketched in
Fig. 14 to the HSi trend in Fig. 10 reveals that the horizontal segment
through the plain fatigue limit is very short, reflecting the small gap
between o, and oy . In this case, a further simplification is possible: use
o directly as an approximation for o; when determining the control
radius R;—as previously adopted in [35,36]. This expedient is justified
by the minimal difference between intrinsic and plain fatigue limits
observed for HSi. It will, however, tend to underestimate the fatigue
strength for notches with opening angles between 60" and 180" (plain),
because it implicitly assumes pore control across that range; this was not
an issue in [35,36], where those notch configurations were not
investigated.
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strength and a LEFM-controlled branch governed by the crack-growth
threshold AKy,. In the present work, the intrinsic fatigue limit o and
the SED control radius R; were obtained for each DCI grade by an
/ inversion procedure applied to sharp-notch data, i.e. in a regime where
Biredoninateds fatigue is governed by the defect-free matrix and graphite structure.
Within the TCD/SED framework, aﬂ and R; can be uniquely related to an
equivalent AKy, following Lazzarin and Berto’s derivation for mode-I
loading [49]. This relationship provides the information needed to
recast the present results into a KT-type diagram; the full procedure is
detailed in Appendix A. The resulting curves, shown in Fig. 16, repro-
duce the observed reduction of plain-specimen fatigue strength as the
expected pore size increases and correctly bracket the experimentally
measured fatigue limits of the two grades. In other words, the intrinsic
properties identified through the EB-HSV/SED inversion are fully
consistent with a classical KT description of defect-controlled fatigue in
plain specimens. This additional comparison supports the soundness of
the calibrated a;] and R; and indicates that, in the limit of Ky — 1, the
present framework reduces to an equivalent KT representation.
It is worth emphasizing that, unlike most defect-sensitive

High-cycle fatigue strength

Notch dominated

Notch severity

Fig. 14. Simplified design map for predicting high-cycle fatigue strength opcr
of notched DCI components with shrinkage porosity. The blue solid curve 600
(o7/Ken) represents notch-controlled behavior obtained with the SED approach : 1
(control radius Ry). The red dashed curve (o /K¢p, see Fig. 10) represents pore- 500 — i LR N : —
controlled behavior. This is simplified by the constant trend displayed by the e i
solid red line where the pore factor is estimated from plain tests as K¢p = o7 /0q 400 4
(Eq. (10). The red solid lower-bound provides a conservative estimate by ]
assuming, for notched components with EB-HSV < Vi, the presence of a pore
producing the same K¢p as in the plain specimen. This chart implements a
practical alternative to the full EB-HSV/CT/FE framework of Section 4,
capturing the two limiting mechanisms: sharp notches (small EB-HSV) — notch-
dominated; plain/very blunt geometries (large EB-HSV) — pore-dominated.

Exp. Eq. (A4)
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In summary, to estimate the fatigue resistance of notched DCI com-
ponents where shrinkage pores are expected, the workflow in Fig. 15 can 1 1
be adopted. The procedure delivers a conservative, geometry- and
defect-aware prediction while avoiding CT-based characterization and
pore-by-pore FE modelling: porosity is treated as an intrinsic defect
whose effect is embedded in o4, 0;1, and K;p. This has immediate prac- 100 ; e e—— . e
tical applicability provided that the adopted plain-specimen geometry 0.01 0.1 1
samples an EB-HSV comparable to, or larger than, that expected in the
component under analysis; otherwise, a volume-effect correction (or an

Stress range, Ac (MPa)

Effective defect size, a,; (mm)

additional plain test with larger gauge volume) should be considered.
With these provisions, designers can obtain reliable high-cycle fatigue
estimates using minimal testing and analysis effort.

6. Relation to existing defect-sensitive fatigue models

Classical defect-sensitive approaches such as Murakami’s \/area

Fig. 16. Kitagawa-Takahashi diagrams for the two DCI grades in terms of
effective defect size a.g. Continuous lines: KT curves obtained by combining the
intrinsic fatigue limit 0';1 and the SED control radius R; (from the inversion
procedure) with the AKy, estimated according to Lazzarin and Berto’s [49],
following the methodology elucidated in [50]. Symbols: experimental plain-
specimen fatigue limits (with scatter bars) expressed as equivalent a.g values
for GJS-600-3 (red circles) and HSi (blue triangles). The KT representation

rationalizes the influence of shrinkage pores on the plain fatigue strength and

model [47] and Kitagawa-Takahashi (KT) [48] diagrams describe the confirms the consistency of the intrinsic parameters identified in this work.

fatigue limit as the minimum envelope between an intrinsic fatigue

Fatigue curves for two
severe notched geometries

o4 & R, :control radius Ken

i
OHcF = ?r

Fatigue curve on plain
specimen geometry

oy Kep K¢ = max(Kn, Kep)

Fig. 15. Workflow for simplified fatigue design of notched DCI components with shrinkage porosity. Inputs from minimal testing: (i) two sharp-notch S-N curves —
identify intrinsic fatigue limit ;; and SED control radius Ry; (ii) one plain S-N curve — plain fatigue limit 65 and pore factor K¢p = 67 /0. Design steps: compute the
notch factor K¢y via SED for the target geometry; compare K¢y and Kep; set K¢ = max(Ken, K¢ p); predict high-cycle fatigue strength ouce = of /K. If Ken & Kep, use
the conservative interaction bound and, if needed, perform a local pore-in-hotspot check. Practical note: the method avoids CT-based characterization and pore-by-
pore FE modelling by treating porosity as an intrinsic defect embedded in op, 0y, and Kep. It is applicable provided the plain-specimen EB-HSV is comparable to or
larger than that of the component; otherwise, apply a volume-effect correction (or test a larger plain gauge). This yields reliable, conservative estimates with minimal
testing and analysis effort.
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models—which focus on plain or mildly notched geometries and/or on
surface-connected defects [51]—the present approach explicitly treats
the competition between a deterministic geometric notch and a sto-
chastic population of internal shrinkage pores in thick-section cast irons.
The EB-HSV concept provides the bridge between these two scales: when
the EB-HSV is small, the notch-driven SED controls fatigue (notch-
dominated regime), whereas for large EB-HSV the response converges to
the KT-type defect-controlled behavior summarized in Fig. 16 (pore-
dominated regime). In this sense, the proposed methodology can be
viewed as an extension of classical KT and TCD/SED concepts to situa-
tions where geometry-induced stress concentrations and statistically
distributed internal defects act concurrently.

7. Concluding remarks and future work

This work quantified how intrinsic shrinkage pores and geometric
notches jointly govern the high-cycle fatigue response of two heavy-
section ductile cast irons (DCIs): pearlitic EN-GJS-600-3 and a high-
silicon ferritic grade. By combining CT-based defect statistics, strain-
energy—density (SED) analysis, and an energy-based highly stressed
volume (EB-HSV) definition, we established a predictive framework that
separates pore-controlled from notch-controlled initiation and explains
the observed behavior across notch severities. The following conclusions
can be drawn:

1. GJS-600-3 shows fewer but larger pores and a higher sensitivity to
defects; the HSi grade shows many smaller, more irregular pores yet
greater defect tolerance.

2. The ranking of fatigue limits reverses as the notch becomes milder
(EB-HSV increases): (i) Under sharp notches (small EB-HSV), GJS-
600-3 outperforms HSi because intrinsic matrix strength dominates.
(ii) For plain or very blunt geometries (large EB-HSV), HSi becomes
superior because pore tolerance governs. The switch is gradual, not
abrupt—consistent with the larger experimental scatter and frac-
tography showing mixed initiation in the transition band.

3. The framework reproduces the fatigue limits of both plain and
notched specimens and correctly identifies the transition region;
plain-specimen predictions agree very well with experimental data.

4. By relating the intrinsic fatigue limit and SED control radius to an
equivalent AKy, a Kitagawa-Takahashi (KT) diagram was con-
structed for both grades. The resulting KT curves accurately repro-
duce the experimentally observed influence of shrinkage pores on
the plain fatigue strength, confirming that the intrinsic material
parameters obtained via EB-HSV/SED inversion are fully consistent
with classical defect-sensitive models.

5. Fig. 12 provides a design map that indicates when notch control or
pore control is expected. Building on this, we proposed a simplified,
test-light rule that uses: (i) two sharp-notch S-N curves to identify
the intrinsic fatigue limit and the SED control radius, and (ii) one
plain S-N curve to quantify the pore effect. Designers then compare
the notch factor from SED with the pore fatigue stress concentration
factor from plain tests and size the fatigue limit using the more severe
of the two. This delivers a conservative, geometry- and defect-aware
estimate without CT surveys or pore-by-pore FE.

This research work suggests the following design implications:

1. Prefer GJS-600-3 for components with sharp stress raisers (small EB-
HSV).

2. Prefer HSi for components with blunt features and large EB-HSV,
where pore tolerance is decisive.

3. Near the interaction band (notch and pore effects comparable), apply
the conservative lower bound from Fig. 14 and, if margins are tight,
perform a local check with a representative pore near the hotspot.
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The current work is characterized by these limitations:

The current implementation uses a sharp regime boundary for
clarity, whereas the physical transition is stochastic and progressive.
The simplified rule neglects small-volume strengthening; if a com-
ponent’s EB-HSV is smaller than that of the plain specimen used to
calibrate the pore effect, apply a volume correction or test a larger
plain gauge.

The study addresses uniaxial HCF by considering internal micro-
shrinkage pores; surface-connected defects, residual stresses, and
environmental effects remain outside scope.

Therefore, there is still room for future work:

Extend the validation to multiaxial and variable-amplitude loading.
Incorporate the effect of as-cast non-machined surfaces within the
same framework.

Quantify uncertainty in notch and pore factors and propagate to
reliability indices or partial safety factors.

Generalize calibration across additional DCI grades, casting routes,
and component scales.

Explore data-driven surrogates for rapid pore-factor estimation from
limited CT descriptors.

Overall, the study delivers both a mechanistic understanding of
pore-notch competition and a practical, conservative path to fatigue
design of heavy-section DCI components, enabling more informed
material-geometry selection with reduced over-conservatism.
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Appendix A
To quantify the influence of micro-shrinkage pores on the high-cycle fatigue strength of the plain specimens, a fracture mechanics approach based

on the Kitagawa-Takahashi (KT) diagram [48] was adopted. In this framework, defects are modelled as cracks of effective size [52]

ayy = Y? 0 \/area (A1)

where Y is the defect shape factor (0.5 for internal defects and 0.65 for surface-breaking defects), and +/area is Murakami’s defect parameter [47],
representing the square root of the projected defect area on a plane perpendicular to the loading axis.

The long-crack threshold stress-intensity-factor range AKy, was evaluated following the approach proposed by Lazzarin and Berto [49]. Under
plane-strain conditions, AKy, is derived from the intrinsic plain-fatigue-limit range Aa;l = 20;1 and the control radius R;:

AKy = Aoy e (A2)

where v is the Poisson’ ratio (v=0.27 in the present case). Using this value, the E]l Haddad-Smith-Topper intrinsic crack length parameter [53] can be
determined as:

1(A
a == (25 (A3)
7\ Aoy
For a defect treated as a crack of effective size aef, the threshold stress range for non-propagation is then given by [50,52]:
A
Aoy — ——Kn (A4)

7(agy + o)

Equation (A4) is represented in the KT diagram shown in Fig. 16, where the values of the relevant quantities are listed in Table A1 for both cast iron
grades. Fig. 16 also reports the experimental high-cycle fatigue strengths of the plain specimens. The effective crack sizes a.f were obtained from a
statistical analysis of the internal-defect population (Y = 0.5) detected in the plain specimens by CT scanning, using the 99 % cumulative probability as
reference.

Table Al
Material and defect characteristics used to build the KT diagram shown in Fig. 16.
Cast iron AKLh(MPa\/m) ap (mm) Qefr (Mm)
GJS600 13.0 0.174 0.289
HSi 11.1 0.177 0.113
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