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Abstract

Notch and size effects significantly influence the fatigue performance of engineering com-
ponents, which is crucial for ensuring structural integrity. A novel probabilistic fatigue life
prediction Kf-V-L model considering both the size and the notch effect, based on the theory
of critical distance L (TCD) and the improved highly stressed volume V (HSV) method, is
proposed in this study. The new definition more accurately characterizes fatigue damage
and accumulation, overcoming the underestimation issues of traditional HSV methods un-
der high-stress or low cycle fatigue (LCF) conditions. Specifically, the Weibull distribution
is also proposed to characterize the material fatigue failure probability. The experimental
data of 26Cr2Ni4MoV, En3B, and TC4 materials with varying notched sizes are utilized
for the model validation and comparison. In addition, the predictive ability of the point
method (Kt-V-L-PM) and line method (Kt-V-L-LM) under the novel proposed model was
explored and evaluated. The predicted lives of 26Cr2Ni4MoV specimens fall within the
£2 scatter band of the Kt-V-L-LM, while the Kt-V-L-PM shows increasing deviation with
larger notches due to its limited ability to capture stress gradients. For En3B and TC4, the
predicted lives are within =+ 2 life factors, verifying the model’s reliability and accuracy.
Furthermore, fracture morphology analysis reveals the influence of notches on fatigue
performance and elucidates the fracture failure mechanisms.

Keywords: notch effect; size effect; theory of critical distance; highly stressed volume;
weibull distribution

1. Introduction

In mechanical components, geometric discontinuities such as holes, screw threads,
and grooves are inevitable due to functional performance requirements [1]. In real working
conditions, these structural features typically experience cyclic loading throughout their
service life, resulting in complex stress—strain states at the geometrically discontinuous
locations [2—4]. Therefore, ensuring sufficient fatigue strength at these critical locations is
essential for structural integrity and long-term reliability.

Stress concentration phenomena have been a critical point in materials mechanics and
structural engineering due to its significant impact on fatigue life. The amplification of
local stresses caused by stress concentration increases the susceptibility of structures to
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fatigue failure. The study of fatigue life analysis based on stress concentration has evolved
from early empirical models to advanced integrated analytical frameworks.

The Energy-Based Fracture Theory [5-8] established the fundamental relationship
between crack size and fracture strength by analyzing the stress field at crack tips, thereby
revealing how geometric discontinuities such as cracks and voids affect local stress dis-
tributions. Based on this foundation, the concept of the stress concentration factor (Kt)
was introduced to describe the influence of geometric parameters (e.g., notch radius and
depth) on stress intensification, based on both theoretical analysis and experimental evi-
dence [9]. Despite its wide application, the Kt approach exhibits inherent limitations, relies
solely on geometric characteristics, neglects material properties, and cannot accurately
characterize stress—strain behavior within plastic zones. Moreover, it requires coupling
with additional models to ensure reliable fatigue life predictions. To address these issues,
the Local Stress-Strain Method was proposed [10,11], which incorporates elastic—plastic
stress—strain responses in localized regions. This method enables a more accurate descrip-
tion of nonlinear deformation and offers distinct advantages for fatigue analysis in complex
stress fields and geometries. Nevertheless, its computational complexity and dependence
on experimental data have hindered its widespread application in engineering applications.
To overcome these challenges, Neuber and Taylor [12,13] introduced the theory of critical
distance (TCD), which has been widely applied in notch fatigue analysis to address the
shortcomings of conventional stress concentration approaches. Unlike methods that rely
solely on the peak stress at the notch root, TCD considers the stress distribution within
a characteristic material-dependent length, which provides a more comprehensive un-
derstanding of how stress gradients influence fatigue behavior and establish a practical
framework for analyzing material fatigue failures. Since the introduction of the TCD,
substantial advancements and refinements have been made to enhance its applicability.
As engineering demands evolve, particularly under complex loading conditions, material
properties, and varied operational environments, the application of TCD continues to
expand the frontiers of fatigue analysis.

To improve the accuracy of crack propagation predictions, numerous studies have
sought to refine crack length models by incorporating the effects of local plastic zones. For
instance, Zhang et al. [14] introduced the concept of critical crack size for both smooth and
notched specimens, accounting for the fatigue initiation region. They further integrated the
effective stress, estimated using the TCD and HSV methods to more accurately characterize
the high-stress volume in fatigue analysis. In another notable development, He et al. [15]
combined TCD with crystal plasticity theory, establishing a novel fatigue life prediction
model that accounts for the grain size effect. The model’s validation using GH4169 alloy
demonstrated that the predicted fatigue lives closely aligned with the experimental P-
S-N curves. Furthermore, the notch geometric significantly affects the critical distance,
highlighting the importance of geometric factors in fatigue prediction. Based on these
insights, various studies have investigated the impact of geometric dimensions on the
critical distance. Shuai et al. [16] proposed a strain energy reconstruction TCD model
incorporating notch radius and stress concentration effects, achieving improved fatigue life
predictions for notched components. Liu et al. [17] utilized energy gradient approach to
define the damage zone, effectively capturing the complex, non-uniform energy distribution
around the notch. This method reflects the influence of stress and strain gradients on fatigue
life. Nevertheless, further research is required to determine the suitability of TCD for jointly
modeling of notch effects and size effects.

The HSV methodology was recognized as an effective approach for analyzing fatigue
size effects, as it incorporates both stress distribution and volume influence within localized
regions. By emphasizing the average stress over the critical material volume, the HSV
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approach provides a reliable criterion for assessing fatigue strength in components with
varying geometrical dimensions. Taylor [18] and Susmel [19] pioneered the groundwork
of HSV by incorporating the volume effect into high-stress regions, building upon the
critical material volume concept. Subsequent studies [20-22] have further validated the
effectiveness and accuracy of the HSV in notch fatigue analysis. Since fatigue damage
typically initiates and propagates within a finite volume rather than a single point. In
this perspective, the integration of HSV with TCD provides a more accurate framework
for fatigue life prediction compared to traditional models that rely solely on effective
stress within a specific range. This integrated approach enhances predictive capabilities,
particularly in complex geometries and variable loading conditions, making it a valuable
tool in fatigue assessment.

The Weibull distribution has been widely applied in fatigue analysis due to its robust-
ness in characterizing statistical variability and uncertainty in fatigue life [23-26]. Extensive
studies have confirmed its effectiveness in quantifying scatter arising from inherent material
heterogeneity and fatigue life distribution. In this study, the theory of critical distance and
highly stressed volume is integrated with the Weibull distribution. This integration enables
probabilistic fatigue analyses that explicitly incorporate both notch size effects and inherent
uncertainty, thereby improving the reliability assessment of structural components.

In addition, finite element method (FEM) was employed to design Ultra-Pure
26Cr2Ni4MoV notched specimens with diameters of 10 mm (notch depth of 1 mm, root
radius of 0.15/0.4/1.0 mm, considering different Kt values), 18 mm (with a constant notch
depth of 1 mm), and 16 mm (with identical Kt values). A review of fatigue analysis methods
highlights that Kt characterizes the notch stress quite well, but fatigue estimation quality
suffers if it is there alone, as highly stressed volume (HSV) and the theory of critical distance
(TCD) exhibit varying dependencies under different stress concentrations. A novel Kt-V-L
model integrating SCF, HSV, and TCD is proposed for fatigue life prediction. Parameters
were determined using small-size notched specimens (10 mm), then applied to the fatigue
strength evaluations of large-scale samples. Fatigue data from En3B [27] and TC4 [28] were
used for validation. The Weibull distribution was incorporated to establish P-5-N curves,
and model accuracy was compared with traditional TCD methods. The proposed approach
enables fatigue strength assessment of large, notched components with minimal testing.
Fracture mechanisms were analyzed via smooth and notched specimen fractography.

2. Theoretical Background
2.1. Theory of Critical Distance

Using only the maximum peak stress/strain at the notch root for fatigue life prediction
is inadequate, as it fails to capture the comprehensive influence of notch and size effects
on fatigue behavior. To comprehensively characterize the effects of the fatigue life in
notched components, it is essential to consider the entire stress field and stress concentration
characteristics near the notch root, as these factors significantly influence the fatigue process.

In the aforementioned research, the maximum principal stress near the notch root
decreases progressively with the increasing distance from the notch root [13]. This insight
laid the foundation for the development of TCD. The basic assumption of TCD is that
failure occurs when the effective stress exceeds the fatigue limit oy of a smooth specimen
under the same stress ratio.

Traditional TCD encompasses two primary methods, the point method (PM) and the
line method (LM), as depicted in Figure 1. According to the approaches, if the local stress
at the distance L/2 from the crack tip exceeds the fatigue limit of the smooth specimen,
the crack will propagate, ultimately leading to fatigue failure. Otherwise, the crack will
not extend, and fatigue failure will not occur. Consequently, the stress at a distance of
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L/2 from the crack tip can be regarded as the effective local stress o, ffsa determining
factor for crack-induced fatigue failure. Beyond the PM and LM, additional TCD-based
methods, including the Area Method (AM) in Equation (3) and the Volume Method (VM)
in Equation (4), refined the effective stress as the average stress over a specified area and
volume, respectively. The formulas for these methods are expressed as follows:

AO’eff:AU’l (7‘— ;) = Aoy (1)
1 2L
Aaeff = i/o AO’ldT = AO’O (2)
Ao ——444%44i/g‘/1ﬁLAa rdrdd = Ao, @3)
I sz o ! °
A 3 /N/G(/m“A 2.sinfdrdfdep — A 4)
g, = o1-r=-stnbadr = A0,
I ansa3 o Sz Jo ! g=00

where Aoy is the maximum principal stress and the path was chosen where the stress
decreases fastest. The characteristic critical distance can be determined as follows

in Equation (5):
1 /AKy,\?
L==
T ( Aag ) ©

where AKjyy, is the threshold of stress intensity factor range and Aoy is the fatigue limit,
while the two parameters must be determined under the same stress ratio.

N Pt Notch root

Figure 1. PM and LM of TCD.

Susmel, L. and Taylor, D. [29] subsequently demonstrated that the S-N curves of both
smooth and notched specimens can be utilized to establish the relationship between fatigue
life and critical distance L. This relationship can be further extended to the middle cycle
fatigue (MCF) regime, as defined in Equation (6):

L=aN (6)

where a and b are the material constants for fitting the S-N curves of smooth and notched
specimens. The critical distance L varies with the specimen size and the applied load level,
and the uncertainty of the critical distance comes from the specimen size and the notched
geometry, which influence the local stress distribution and fatigue behavior.
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2.2. Highly Stressed Volume

The highly stressed volume (HSV) method has been widely adopted due to its simple
formulation and low computational cost. To characterize the HSV of notched specimens,
an empirical parameter 1 % was introduced, which assumes that fatigue damage in compo-
nents subjected to stress gradients predominantly occurs within the HSV region, as shown
in Figure 2. However, the values of this empirical parameter vary across the different
literature, as they are influenced by materials properties, load types, and notch geometries.
Experimental results indicate that the ratio of highly stressed volumes between smooth
and notched specimens correlates well with the corresponding fatigue life ratio, suggesting
that fatigue damage accumulation depends not only on the local stress magnitude but also
on the effective stressed volume. The fatigue life prediction model under a consistent stress
level can be expressed as shown in Equation (7):

Nnotch _ ( Vnotch )ﬁ (7)

Nsmooth Vsmooth

where Nyyps and Ngy,001; are fatigue lifes of notched and smooth specimens, and V., and
Vsmootn are highly stressed volumes under FE analysis.

F,: Axial load
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Figure 2. Schematic diagram of highly stressed volume.

To calculate the V,,psc;, and Vo011, the highly stressed surface area or node was utilized,
which is defined as the region where the stress does not exceed n % of the maximum
principal stress, in order to incorporate the statistical size effect.

The stress concentration induced by geometric discontinuities leads to a steep increase
in the stress gradient within the localized region, while the stress in the surrounding area
rapidly attenuates, resulting in a highly non-uniform stress distribution. Consequently,
fatigue cracks tend to initiate from these high-stress concentration zones, and the fatigue
life of the material is primarily governed by the stress level in these local regions rather
than by the average stress state of the entire volume. Based on this consideration, a
lower HSV threshold is adopted in the present study. HSV is defined as the local volume
where the stress exceeds 80% of the maximum stress under different notch geometries
and loading conditions [30,31]. This threshold is selected to more accurately represent the
effective region contributing to fatigue damage, since higher reference levels (e.g., 90%
or 95%) often overemphasize the extreme peak stress zone and underestimate the actual
damage-related volume.
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Traditional HSV is defined based on the elastic stress distribution. However, this
approach has limitations as it neglects plastic deformation. High-stress regions may enter
the plastic stage, particularly under high-stress or low cycle fatigue (LCF) conditions, lead-
ing to an underestimation of the actual affected area. Notch-induced stress concentration
further amplifies plastic deformation, causing fatigue crack initiation over a broader stress
distribution region and this means an increasing prediction errors in conventional HSV
methods. The revised HSV definition extends beyond the elastic stage by incorporating
material plasticity behavior. Compared to traditional HSV methods, the modified approach
more accurately captures damage accumulation mechanisms, thus enhancing the fatigue
life prediction model.

2.3. Theoretical Model Construction

The existence of various type of notches results in nonlinear stress—strain distribution,
primarily characterized by the stress concentration factor (Kt). Consequently, the effect of
notch characteristics on the service life of notched components under complex stress condi-
tions is particularly significant. As highlighted in references [32,33], conventional fatigue
strategies based on the maximum stress or strain at the notch root are generally insufficient
for accurately predicting the fatigue life of engineering structures with pronounced stress
concentrations. These traditional approaches often yield overconservative life estimations,
especially in the LCF regime [34,35].

During fatigue analysis of notched structures, the stress and strain distribution in the
vicinity of the notch regions becomes particularly complex. Plastic deformation occurs in
the material near the surface when the local stress exceeds the material’s yield strength,
while the material farther from the surface of the notch root supports the highly stressed
region [36,37]. To quantify the notch effect and the degree of stress concentration, the stress
concentration coefficient Kt is defined as shown in Equation (8):

0,
K = max,notch root (8)

Tnominal

where 7,4y notch root 18 the maximum stress at the tip of the notch root, and 0,94 is the
nominal stress at the net cross-sectional of the notch root. Under similar Kt conditions, a
smaller notch radius corresponds to a reduced fatigue damage area of the specimen, leading
to an increased fatigue limit. Nevertheless, the Kt is inadequate for accurately estimating
the fatigue life of notched components with similar Kt values. This limitation arises because
Kt primarily reflects the geometric stress amplification but does not account for the local
plasticity, stress gradient, or size effects, which are crucial in fatigue life prediction.
Currently, the effect of notch geometry and specimen size on fatigue modeling have
been extensively investigated using various methodologies. In the previous research, the
highly stressed volume approach [38—-40], plastic strain energy theory [41,42], stress/strain
gradient concept [43—45], and the theory of critical distance [46-49] have been examined.
Particularly, due to the simple formation and lower computational cost, TCD has been
widely employed in the analysis of notched component, evaluating notch fatigue strength
based on linear elastic-stress (LES) field. TCD defines the effective stress by integrating
stress on a constant distance line from the notch root, corresponding to twice the critical
distance L, known as the line method (LM). Subsequently, Peterson et al. [50] simplified
this approach by considering the stress at a specific distance from the vertex at the point,
representing the maximum principal stress at half the critical length L, referred to as the
point method (PM). Thereafter, Taylor [51] extended this concept by averaging the elastic
stress within a defined surface region, determining the average principal stress in an area
enclosed by a radius of 1.32L, known as the Area Method (AM). Furthermore, Bellett [52]
introduced the Volume Method (VM), which calculates the equivalent stress based on
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the volume circumscribed by a radius of 1.54L critical distance in the vicinity of notch
vertex. Notably, Yang et al. [53] further established that for directionally solidified (DS)
high-temperature alloys, both the critical distance L and the linear Kt remain constant
throughout multiple loading cycles, reinforcing the reliability of this relationship in fatigue
life prediction. By incorporating the Kt into the conventional TCD, they successfully
improved prediction accuracy of fatigue life for specimens with varying notch sizes. This
model has also been applied to evaluate the notch fatigue strength of 3D-printed titanium
alloy Ti-6Al-4V with diverse geometric features [54,55]. Validation studies demonstrated
the high accuracy of the proposed model, with predictions predominantly falling within
the scatter band of the fatigue curve. The effectiveness and reliability of TCD-based notch
fatigue analysis have been substantiated across various applications. However, further
research is required to determine the applicability of TCD for combined modeling of notch
and size effects. The model can be reformulated as Equation (9):

K¥L = Al.Nf1 9)

where « is related the stress concentration cofficient Kt.

The HSV concept was originally introduced by Kugual et al. [56] to evaluate the fatigue
strength of various materials by examining the correlation between fatigue strength and
HSV. Typically, the fatigue strength of structures and components decreases as the high-
stress size or volume increases. Wang et al. [54] utilized V90 as a reference volume to access
the influence of size and notches on a wide range of materials and components, validating
the effectiveness of a novel model that integrates the critical distance and highly stressed
volume concepts. Additionally, Lin et al. [57] noted that the fatigue limit of Austempered
Ductile Irons (ADI) tends to decrease with the increase in material volume under high
stress. They further developed predictive equations for the highly stressed volume and
the fatigue limit under various heat treatment conditions. Following these principles, the
equation can be expressed as Equation (10):

VA.L = A2~N}?2 (10)

where § is related to the highly stressed volume Vg5 90 /95.

Therefore, for notches of varying size, the critical distance L may also be different.
Hence, it is imperative to consider the combined influence of the highly stressed volume and
the stress concentration factor on the critical distance. Considering the material’s intrinsic
parameters, the Kt value alone cannot fully represent the degree of stress distribution at the
notch. The HSV method address this limitation by enabling the quantification of the notch
size effect. Consequently, Vgs5,/90/95 and Kt are introduced together to jointly characterize
the impact of notch and size effect on the critical distance L. The proposed model assumes
that larger values of V80 and Kt may lead to more significant material damage with the
notch field. Based on the above assumptions, the novel model Kt-V-L, incorporating both
notch and size effect, can be reformulated as Equation (11):

Kf-VP-L = A-Nf (11)

In this study, the effect of both notch geometry and size effects on the fatigue property
were investigated. The proposed framework encompasses Kt, HSV, and TCD. Additionally,
the Weibull distribution was employed to quantify the uncertainty in fatigue analysis.

2.4. Weibull Probabilistic Analysis

The fatigue characteristics would inevitably exhibit an uncertainty in prediction results,
which must be quantified in fatigue analysis. In this study, a two-parameter Weibull



Metals 2025, 15, 1300

8 of 28

distribution was employed to characterize the dispersion of fatigue strength and life in
26Cr2Ni4MoV smooth specimens. It is recognized that notched specimens typically exhibit
a narrower fatigue life scatter than unnotched specimens, owing to the more localized crack
initiation process. The assumption of identical Weibull distributions was employed for
simplification and comparison purposes. The fatigue life and strength analysis process can
be summarized as follows:

1. Use the Weibull distribution to describe the dispersion of fatigue life of the smooth
specimens, and obtain the Weibull scale parameters N* and shape parameters f;

2. Perform finite element analysis on the notched specimens to obtain the linear elastic
stress distribution at the notch root and calculate the effective stress o, ¢f;

3. Obtain fatigue life distribution of the predicted notched specimen. The expression is

Ne\P
Pp=1—exp (N*) (12)

Assuming the effective stress of a smooth specimen o, ff equals nominal stress 0y;qy, a

as follows:

connection can be established between the fatigue lives of notched and smooth specimens.
The relation between the nominal stress 0,y to the Weibull scale parameters N* can be
written as follows:

Omax = al'(N*>b1 (13)

Linking the maximum stress with the PM/LM in the critical distance theory, the o,
can be expressed as follows:
Oop = az-(N*)" (14)

where a4, ay, b1, and b, are material constants.
The P-S-N curve represents a probabilistic extension of the conventional S-N relation-
ship, where parallel S-N curves correspond to different failure probabilities Py.

2.5. Parameter Determination

Based on the fatigue test of smooth specimens, the characteristic fatigue life N* and
fatigue life distribution index ¢ were fitted under different stress levels. Subsequently,
based on a series of characteristic fatigue life N* at various stress levels (responding effective
stress), the related coefficient A and B were determined through statistical fitting. The
fatigue life distribution index ¢ was determined by averaging the fatigue life distribution
index across all stress levels.

Additionally, this study integrates the model parameter fitting process for the fatigue
life analysis of various components. Weibull distribution parameters are utilized to refine
the recursive process, resulting in a probability-based fatigue analysis framework focused
on notches, as shown in Figure 3. Fundamentally, this model comprises the following steps:

1.  Based on the fatigue data of smooth and notched specimen, and the FEM analysis for
linear stress distribution of different notches. The N*, ¢ are determined by smooth
specimen under different stress levels and «, 8, A, and B can be fitted by the data of
highly stressed volume V, stress concentration factor Kt and critical distance L;

2. Input life N¥, calculated L, receive o, £ fk, and compute N¥*1 through Equation (14);

3. Determine value of N* and N¥*1, and output the N¥ if above two values are equal. If
not, repeat this calculation cycle until N¥ = N*+1,

This framework provides a robust, probabilistic fatigue life prediction model that
integrates experimental data, FEM analysis, and the theory of critical distances for both
smooth and notched specimens.
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Figure 3. Flow chart for life prediction of notch fatigue failure probability analysis.
3. Materials and Methods
3.1. Material
In this work, the experimental material is Ultra-Pure 26Cr2Ni4MoV alloy. The forging
stock with a diameter of 200 mm was maintained at 870 °C for an adequate duration
to ensure complete Austenitization, followed by water quenching and tempering. The
heat treatment program is shown in Figure 4. The chemical composition was analyzed
using inductively coupled plasma emission spectroscopy (ICP) (Thermo Fisher Scientific,
Waltham, MA, USA), as presented in Table 1.
B
Performance heat treatment Stress relief heat treatment
870°C
10h o
o 550°C : swee
A\ :
Pt | & : N b
A : —|| A
- = : =
o~ = . 0
E é_: 5 300°C r 370°C :
B & [ Furnace cooling -
o .
: 170°C
Water cooling Air cooling Air cooling
0 L T > h
Figure 4. The actual heat treatment of 26Cr2Ni4MoV steel.
Table 1. Chemical composition (wt.%) of 26Cr2Ni4MoV materials.
C Cr Ni Mo A" Mn Si
<0.3 1.5~20 325~3.75 0.3~0.6 0.07 ~0.15 02~04 0.17 ~ 0.37




Metals 2025, 15, 1300

10 of 28

The actual experimental material was processed into smooth specimens and six types
of notched fatigue specimens (Figure 5), based on finite element analysis (FEA), and the
detailed notch geometries were determined under two conditions. For specimens @d (r)
(d: notch inside diameter/r: root radius of notch) with identical stress concentration factors
(Kt) but different sizes, the geometries correspond to @8 (r = 0.4), @16 (r = 0.8), and
@32 (r = 1.6). For specimens with identical sizes but varying Kt values, the geometries
were defined as @8 (r = 0.15), @8 (r = 0.4), and @8 (r = 1.0), characterizing the fun-
damental fatigue properties of the material and evaluating the influence of notches. The
elastic modulus of material is 207.17GPa, and the Poisson’s ratio is 0.3, and the cyclic
strength coefficient and cyclic strain hardening exponent are 1011.11 MPa and 0.05.

Notched specimen
Central-Pull-Rod

Smooth specimen

Figure 5. The sampling method diagram.

To enhance the uniformity of material properties and reduce the scatter in test results,
specimens were sampled from positions with a radial distance of r > R/3, where R denotes
the radius of the cylindrical billet. The geometries of the smooth and notch specimens
are depicted in Figure 6. The experimental data of notched En3B [27], and titanium-based
alloy TC4 [28], were used for model validation and comparison. The geometric shape and
dimensions of the specimen are shown in Figures 7 and 8.

(a)

d=6mm
—

D=12mm

D,=30mm

D,=30mm

Figure 6. The geometries of specimen: (a) smooth specimen; (b) @8 (r = 0.15); (c) @8 (r = 0.4); (d) @8
(r=1.0); (e) @16 (r = 0.8); (f) @18 (r = 0.4); and (g) @32 (r = 1.6).
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Figure 7. Geometrics of the notched En3B low-carbon steel specimen: (a) V—4 mm notch;
(b) U—R1.5 mm notch; and (c) central hole—R1.75 mm [27].

(b) ()

0:9

Figure 8. Geometrics of the TC4 specimen: (a) smooth; (b) R 0.34 mm notch; and (c) R 0.1 mm
notch [28].

3.2. Test Condition and Methods

Based on the actual operating conditions of the Central Pull-Rod during the start-stop
process, the effective stress ratio was determined to be approximately 0.425. Accordingly,
the fatigue tests were conducted under a tension—tension loading condition with a stress
ratio of R = 0.425, according to the cyclic loading requirements of different fatigue speci-
mens. Zwick 100 kN electromagnetic high-frequency fatigue testing machine (Zwick/Roell
Group, Ulm, Germany) was used for smooth specimen, with a test frequency of 90 Hz.
MTS 370.10 100 kN hydraulic servo fatigue testing machine (MTS Systems Corporation,
Eden Prairie, MN, USA) was utilized for @8 (r = 1.0, r = 0.4, r = 0.15 mm) size specimens,
and the test frequency was 25 Hz. For larger specimens, including @16 (r = 0.8 mm), 18
(r=0.4 mm), and @32 (r = 1.6 mm), W + B LFV-500 kN hydraulic servo-controlled fatigue
testing machine (Swiss W+B company, Lausanne, Switzerland) was selected, and the test
frequency was 10 Hz. The end condition of the fatigue test was fatigue fracture failure or
1 x 107 cycles. During the testing, the applied stress level ranged from 10 ~ 25 MPa, and
each subsequent stress level was determined based on the results of the previous fatigue
test. The fatigue limit of the specimen was determined using the staircase method with
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12~14 specimens, while the grouping method employed three stress levels, with two to six
specimens per level.

The fatigue crack propagation (FCG) tests were conducted at room temperature (RT)
using a 25 kN MTS testing machine (MTS Systems Corporation, Eden Prairie, MN, USA) in
accordance with ASTM E647-15. The tests were performed under stress-controlled mode,
utilizing the K-decreasing method with a stress ratio R = 0.425 and a frequency of 10 Hz.
The metallographic samples of the 26Cr2Ni4MoV were analyzed using Zeiss Field Emission
Scanning Electron Microscopy (FE-SEM) (Carl Zeiss AG, Jena and Oberkochen, Germany).
Prior to observation, the specimen was etched in a 4% nitric acid liquor solution for 20 s.
After fatigue test, the fracture morphology of the specimens was observed using FE-SEM.

The finite element analysis software ABAQUS (2024 version) was utilized to model
and analyze the notched specimens. A linear elastic-plastic material model was adopted,
with plasticity defined using a Von Mises yield criterion and isotropic hardening to capture
the cyclic stress—strain response. The material parameters, including the cyclic strength
coefficient and strain hardening exponent for 26Cr2Ni4MoV, were explicitly applied. As
shown in Figure 9, the mesh was generated using the progressive refinement approach, with
finer mesh applied in the vicinity of the notch to accurately capture stress concentration
effects, and coarser mesh in regions farther from the notch to reduce computational cost.
This strategy ensured the stability of the finite element model and the reliability of the
results. The arrow on the right side of the figure represents the direction of the applied
load, while the symbol on the other end represents complete fixation.

Symmetrical axis

@16mm
— ’_ Mesh size

0.01mm

49.6mm

020mm

A A A A A A A

Figure 9. Finite element modeling of &16 (r = 0.8) notched specimen.

4. Results and Discussion
4.1. Microstructure and Tensile Properties

The microstructure and tensile test results are illustrated in Figure 10. The tempered
sorbite microstructure with uniformly distributed ferrite and fine carbide particles is
shown in Figure 10a, indicating that the quenching and tempering process produced a
homogeneous microstructure throughout the specimen. Sampling took place at different
positions along the radial direction with four parallel specimens selected for the monotonic
tensile testing. The tensile properties are summarized in Table 2, indicating that the material
exhibits high strength and good ductility.
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Figure 10. The microstructure and tensile test results: (a) SEM image; (b) monotonic tensile stress—

strain curve.

Table 2. Room temperature tensile stress—strain results.

Material Ry0.2/MPa R,,/MPa Elongation/%  Reduction in Area/%
950 1025 21.5 73
959 1023 19.5 73
26Cr2NidMoV
945 1019 21.0 76
946 1020 20.5 74
Average 947 1022 20.5 74

4.2. Fatigue Properties

The Basquin formula has always been the most important method for fitting S-N
curves, with the main representation form Equation (15):

N¢ = omax™-C (15)
Taking the derivative on both sides of the equation yields Equation (16). All linear

regressions were performed using ordinary least squares in Origin software, with [gN as
the response variable. The residuals of [¢N; were minimized to obtain the m and C.

IgNf = m-1g(0max) +1gC (16)

The fatigue test of 26Cr2Ni4MoV smooth specimens were conducted with a stress
ratio of 0.425. The S-N data are plotted in Figure 11b and the fatigue limit is approximately
940.87 MPa, while the Aoy = 540.01 MPa. The Basquin function is as follows:

Ig(Ny) = ~82.731g(0ynax) + 103.42 (17)

According to the data, the fatigue limit was tested using staircase method for the
12-14 specimens, calculated by formula Equation (18):

n
Z 0i-0; (18)
i=1

Nl

1
00425 = E(UI'UI + 0004 Up0y) =

where K is the total number of the effective fatigue test data, # is the number of stress levels,
0; is the stress level and v; is the test numbers.

The fatigue crack propagation threshold of 26Cr2Ni4MoV was approximately
4.23 MPa+/m, as shown in Figure 11d. Subsequently, the critical distance was calculated
using Equation (5) to be 0.02 mm.
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Figure 11. The stress-life data of 26Cr2Ni4MoV: (a,b) S-N data and the fatigue limit; (c,d) fatigue
crack growth threshold.

The P-S-N curve and scatter bands for 26Cr2Ni4MoV smooth specimens at three
different survival probabilities (10%, 50%, and 90%) are plotted, as shown in Figure 12.
It can be seen that the data points are mostly distributed within the survival probability
dispersion band, which validates that the Weibull distribution is a reasonable method for
quantitatively characterizing the dispersion in fatigue life.

The S-N curves for notched specimens with notch root radium of @8 (r=1.0,r =04,
r = 0.15 mm) are shown in Figure 13. It can be observed that fatigue life increases with
increasing notch root radius. The S-N curves for &8 (r = 0.15 mm) notch root radius lies
significantly below that of the @8 (r = 0.4 mm), which is also lower than that of the @8
(r = 1.0 mm). This trend highlights the strong sensitivity of fatigue performance to notch
sharpness, confirming that sharper notches cause higher stress concentrations and earlier
fatigue failure. The Basquin equations for S-N analysis are expressed in double-logarithmic
form. To ensure proper regression direction, stress is strictly treated as the independent
variable, and the linear regression is performed by minimizing the residuals of /gNy, which
are given in Equations (19)-(21):

lng = —3.47-lg(0max) +14.21 (19)
IgNf = —5.83-1g(0max) +21.71 (21)
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Figure 12. The P-5-N curves of 26Cr2Ni4MoV smooth specimens.
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Figure 13. The S-N curve of 26Cr2Ni4MoV notched specimen.

4.3. Fatigue Fracture Analysis

Due to the presence of notch, under cyclic loading, the stress concentration occurs at

the notch root, leading to high surface stresses at the notch root, which are sustained by

the subsurface material. This accelerates fatigue crack initiation, facilitating stress to reach

critical threshold. Consequently, the notch is a decisive factor in crack initiation. Once the

crack length exceeds the material’s critical state (fracture toughness), the specimen becomes

unstable, and the remaining cross-section cannot support the cyclic load, resulting in rapid
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fracture. SEM analysis was conducted to reveal the fatigue fracture morphology, which
is essential for assessing fracture quality. The overall and locally magnified views of the
fracture surface are presented in Figure 14. The key fracture regions, including the crack
initiation zone (FS), stable crack propagation zone (CP), and the rapid fracture zone (FF)

were distinctly identified.

Figure 14. SEM image of the fracture surface of notched specimens: (a) macro fatigue fracture
morphology (&8 r = 0.15, 0yax = 600 MPa, and N = 16,410); (b) micro morphology of FS; (c) micro
morphology of CP; (d) micro morphology of FF; (e) macro fatigue fracture morphology (@8 r = 0.4,
Omax = 600 MPa, N = 48,021); (f) micro morphology of FS; (g) micro morphology of CP; (h) micro
morphology of FF; (i) macro fatigue fracture morphology (&8 r = 1.0, 0nax = 600 MPa, N = 96,448);
(j) micro morphology of FS; (k) micro morphology of CP; and (1) micro morphology of FF.

As shown in Figure 14, the fracture surfaces of notched specimens with different notch
root radius @8 (r = 1.0, r = 0.4, r = 0.15 mm) exhibit distinct characteristics. For the specimen
with the smallest notch radius @8 (r = 0.15 mm), a higher stress concentration leads to
earlier crack initiation and a shorter crack propagation path. Due to the high local stress
gradient, the crack propagates more rapidly, resulting in relatively stable and large crack
growth increments per cycle. Consequently, the fatigue striations observed in the CP are
denser compared to those specimens with larger notch radius. Meanwhile, the FF in the @8
(r = 0.15 mm) specimen is located near the center of the fracture surface and displays larger
dimples, indicating more severe plastic deformation and a rapid overload fracture process.
This observation highlights the interplay between notch geometry, stress ratio, and local
crack-driving force in determining the fatigue fracture behavior.

4.4. Finite Element Result

The finite element analysis software ABAQUS was utilized to model and analyze
the notched specimens, enabling the extraction of the maximum local elastic stress, the
resulting elastic stress concentration factor (SCF) and highly stressed volume (HSV) values
are listed in Tables 3-5. Among them, the arrows and S22 in the text represent the maximum
principal stress in the y-axis direction. The HSV was calculated using the ABAQUS and
AutoCAD (2019 version) method proposed in the research. The calculation process is
summarized as follows:

1. Perform axisymmetric finite element analysis on notched specimens in ABAQUS to
extract the maximum stress;
2. Second item; extract the cross-sectional area (A,)of the high-stress region;
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3. Import the cross-sectional area after obtaining high stress into AutoCAD;
4. Perform axisymmetric rotation and calculate volume (V;).

Table 3. FE analysis of SCF of different notches.

Specimens
Notch Diameter Tmax/MPa  00m/MPa K; Maximum Stress Reduction Path
(Root Radius)

s, 522
(Ave: 75%)

+5.124x10?
+4.695x10%
+4.266x10°
+3.83Bx10:
+3.409x10
8 (r =0.15 mm) 512 120 4.2 +2.980x10°

+2.551x102
+2,123x102
+1.694x10°
+1.265x10%
+8.366x10"
+4.078x10"
-2.088x10°

S. 522
(Ave: 75%)

+3.330x10°
+3.052x10°
+2.774x10°
+2.406 x107
+2.218x10
28 (r =0.4 mm) 337 120 2.8 +11940x10°

+1.662x10°
+1,384x10%
+1.105x10%
+8,274x10%
+5.403x10"
+2.712x10}
-6. 987x1u N

S. 522
(Ave: 75%)

+2.494x10°
+2,285x102
+2.076x10
hes
+1,658x10
28 (r = 1.0 mm) 250 120 2.1 +1.449x102

+1.240x10°
+1.031x102
+8.216x10?
+6.125x10"
+4.034x10"
+1.944x10}
-1,472x10°

S, 522
(Ave: 75%)

+3.595x10°
+3.295x10°
+2.996x10°
+2, 10
@16 (r = 0.8 mm) 425 120 3.5 2097 %102

+1.798x102
+1,498x10%
+1.198x102
+8.987x10*
+5.991x10!
+2.996x10"
-3.277x1073
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Table 3. Cont.

Specimens
Notch Diameter
(Root Radius)

Omax/MPa  0y0m/MPa

K; Maximum Stress Reduction Path

218 (r = 0.4 mm) 340 120

s, 522

(Ave: 75%)
+4,255x10°
+3,900x10°
+3,546x10°
+3,191x10°
+2.,836x10°
+2,482x10°
+2,127x10°
+1,772x102
+1.418x10°
+1.063x10°
+7.085x10!
+3.539x10!
-7.950x107

2.8

(1

@32 (r = 1.6 mm) 331 120

S, 522

(Ave: 75%)
+3.204x102
+2.940x10°
+2.676x102
+2.412x10°
+2.148x10°
+1.884x102
+1.620x10°
+1.356x102
+1.092x10?
+8.276x10"
+5.636x10"
+2.996x10!
+3.556x10°

2.8

(1

Table 4. HSV results of 26Cr2Ni4MoV different notched specimens.

Material  Hightress  Nolh Dismeler  Maximum Strss/  HAS—HighStiess 1oy (e
Zones

450 0.021 0.546
8 (r = 0.15 mm) 600 0.068 1.633
700 0.168 3.995
600 0.098 2442
8 (¢ = 0.4 mm) 700 0.169 4309
26Cr2Ni4MoV  V-notch 800 0406 9893
700 0328 8.024

8 (r = 1.0 mm) 800 0527 14.128

900 1.659 39.403

18 (r = 0.4 mm) 600 0.195 10972

16 (r = 0.8 mm) 600 0379 19377

32 (r = 1.6 mm) 600 1.553 146.725

As detailed in Table 4, specimens with different notch geometries exhibited smaller
HSV values as SCF values increased. This is attributed to the relatively smaller highly
stressed area at the stress concentration region. For V-shaped notches with high SCF

values, the corresponding HSV was notably smaller. SCF calculations were conducted

under a uniform cross-sectional nominal stress of 120 MPa, with HSV defined as a region

encompassing 80%~100% of the maximum local stress. The stress distribution across

different cross-sections was obtained by selecting various paths beneath the notches, with
path selection based on the direction of the steepest stress gradient.
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Table 5. Calculated critical distances of 26Cr2Ni4MoV notched specimens.
Notch Type Maximum Stress ( 0¢) and Critical Distance (L)
Cvecles/N 1.5 x 1.9 x 3.3 % 4.5 x 5.3 x 9.5 x 1.2 x 4.0 x
yeles/Ny 104 104 104 104 104 104 10° 10°
Maximum
28 (r=0.15 Stress/ 700 600 450 400
mm) MPa
PM
L/mm 0.294 0.224 0.116 0.0184
Maximum
28 (r = 0.4 mm) Slt\;ﬁfS/ 800 700 600
PM a
L/mm 0.468 0.332 0.226
Maximum
28 (r = 1.0 mm) S;ZGIJSS/ 900 800 700
PM a
L/mm 0.812 0.563 0.400
Maximum
&8 (r=0.15 Stress/ 700 600 450 400
mm) MPa
LM
L/mm 0.107 0.091 0.049 0.046
Maximum
@8 (r = 0.4 mm) S;zepss / 800 700 600
LM a
L/mm 0.183 0.129 0.071
Maximum
28 (r = 1.0 mm) 5;516155/ 900 800 700
LM a
L/mm 0.281 0.208 0.128

5. Model Validation and Comparison

This section applies the proposed model to analyze the notch fatigue life of
26Cr2Ni4MoV steel, comparing the predicted results with experimental notch fatigue
test data to validate the effectiveness of the Kt-V-L model. Cyclic tensile-tensile loading
tests were conducted on pre-notched 26Cr2Ni4MoV steel under a stress ratio of R = 0.425
at room temperature.

The critical distance was calculated using Equations (1) and (2), and the results are
summarized in Table 6. According to Taylor’s theory of critical distances (TCD), the failure
criterion varies depending on the applied method. In the point method (PM), failure
occurs when the local stress at L/2 from the crack tip equals the fatigue limit oy of smooth
specimens. In contrast, the line method (LM) defines failure as the condition where the
average stress within a distance of 2 L line in the notch area, serving as the equivalent stress
0eff, equals to 0p. Crack propagation leads to failure, whereas non-propagation indicates
no fatigue failure. Notably, the fatigue limit of smooth specimens must be at the same stress
ratio (R = 0.425) as used in this study. The maximum stress corresponding to this analysis
was 941.0 MPa.

As shown in Table 5, under identical notch size conditions, a decrease in stress ampli-
tude leads to a reduction in the critical distance. The finite element (FE) analysis results
of the highly stressed volume (HSV) are presented in terms of the 80% volume ratio.
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Under the same stress amplitude, specimens with different notch geometries exhibit vary-
ing HSV value, and a larger HSV corresponds to a shorter critical distance and a longer
fatigue life, thereby confirming the validity of the Kt-V-L model. To further validate
the proposed model, experimental data from previous reference on En3B and TC4 al-
loys were adopted [27,28]. The geometries of the corresponding specimens are shown in
Figures 7 and 8.

Table 6. Fitted model parameters for 26Cr2Ni4MoV materials.

Material a b, @ R
26Cr2Ni4MoV 1341.219 —0.0229 1.3904 0.9396

The PM/LM method of the Kt-V-L model was established based on the stress concen-
tration factor for different notch types and sizes, alongside the HSV and critical distance
calculations of various specimens. To determine the model parameters, MATLAB (2022
version) was employed to solve the overdetermined equation system. The parameter’s
derivation and detailed code for programming are provided in Equations (51)—(S18) of the
Supplementary Materials.

The fitting equations are

PM (26Cr2Ni4MoV):
KO1790.y/—04148 1 _ 0 4109. NJ:O.0624 (22)

LM (26Cr2Ni4MoV):
K?'2023'V_0'3443'L — O.4958‘Nf_0'1617 (23)

This article uses linear regression method to estimate the characteristic fatigue life
(N*) and fatigue life distribution index () of the Weibull distribution. After determining
the effective stress, the characteristic life N* can be obtained. The parameters a,/b; and ¢
are derived from the fatigue data of smooth specimens.

Based on the fatigue life of smooth specimens, linear regression method was used
to fit the characteristic fatigue life and its distribution parameter under different stress
levels. Among them, the distribution index ¢ was determined by averaging the fatigue life
distribution indices across different stress levels. Subsequently, based on a series of charac-
teristic fatigue lives and corresponding fitting parameters at each stress level, Equation (12)
was fitted using the least squares method. The fitting formula for 26Cr2Ni4MoV steel is
presented in Equation (24), with the parameters summarized in Table 6.

0upf = 1341.219-(N*) 0% (24)

Using the probabilistic fatigue life prediction model, the failure probabilities (Py)
in the Kt-V-L model were set to 10%, 50%, and 90%, corresponding to survival proba-
bilities of 90%, 50%, and 10%. Respectively, a set of parallel curve clusters of PM/LM
P-S-N with predicted survival rates of 90%, 50%, and 10% was generated, as shown in
Figures 15 and 16.

Analysis of the predicted P-5-N curves indicates that the experimental fatigue life
predominantly falls within the scatter bands under three different values of the survival
probability, demonstrating the effectiveness of the Kt-V-L model. The estimated P-S-N
curves exhibit strong agreement with experimental data of notched specimens. Similarly,
the critical distance of large-scale specimens was determined using both the point method
and the line method, as summarized in Table 7.
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Figure 15. PM method estimated P-S-N curve: (a) 0.15 mm radius v-notch; (b) 0.4 mm radius v-notch
(c) 1.0 mm radius v-notch; and (d) P-S-N curves of different notch.
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Figure 16. LM method estimated P-S-N curve: (a) 0.15 mm radius v-notch; (b) 0.4 mm radius v-notch;
(c) 1.0 mm radius v-notch; and (d) P-S-N curves of different notch.
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Table 7. Calculated critical distance L for 26Cr2Ni4MoV notched specimen.

Material Notch Type PM (L)/mm PM (L)/mm
@16 (r = 0.8 mm) 0.504 0.156
26Cr2NidMoV @18 (r = 0.4 mm) 0.409 0.129
@32 (r =1.6 mm) 1.087 0.340

Figure 17 illustrates the comparison between the predicted and experimentally mea-
sured fatigue lives of notched specimens with various geometries, based on the critical
distance theory using both the point method (Kt-V-L-PM) and the line method (Kt-V-L-LM).
Because the fatigue tests involved specimens of different geometrical sizes, the experimen-
tal fatigue lives within each size category exhibited noticeable variation among repeated
tests. To improve the clarity of data visualization and avoid excessive overlap of individual
points, the experimental fatigue lives plotted in Figure 17 represent the mean fatigue life of
each specimen size group, rather than individual replicate values. Consequently, each size
category corresponds to a single horizontal coordinate (mean experimental life), against
which predicted fatigue life values from the PM and LM models are plotted. Overall, most
of the predicted data points fall within the £2 scatter band, indicating good predictive
capability of the model. For small notched specimens (&8), both PM and LM yield accurate
predictions. As the notch size increases, such as in @18 (r = 0.4 mm), @16 (r = 0.8 mm), and
@32 (r = 1.6 mm), the prediction results of the point method become increasingly scattered,
with several data points falling outside the +5 scatter band. In contrast, the line method
produces consistent and reliable predictions across all specimen sizes. This suggests that
the line method, which accounts for the averaged stress over a finite distance, is more
capable of capturing the effects of stress gradients in large or severely notched components,
making it more suitable for fatigue life prediction in practical engineering applications.

10° [
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Figure 17. PM /LM method scatter band of 26Cr2Ni4MoV notched specimens.
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Based on the research of SUSMEL et al. [58], the relationship between critical distance
and fatigue life was first established using experimental data from three different types
of notched specimens (Equation (25)). Specifically, in this study, r = 1.0 mm LM v-notch
specimens were utilized to establish an expression for the critical distance of 26Cr2Ni4MoV
steel. The fitted curve of the experimental results together with the model prediction results
are shown in Figure 18. The obtained results are as follows:

—0.516
L =26.64-N; (25)
T
® =0.15mm PM iz v
1600 |- “ ® =04 mmPM e
A r=1.0 mm PM - v
1400 v r=0.15mm LM - v
\ r=0.4 mm LM 10° - ]
£ 1200 |- \ =10 mm LM & ¥ ®8 (r1.0)
Ea \ R Fit curve of r=1.0mm LM||= v
3 \ 1
S 1000 | \S &
2 N g
@ \ S
< 800 N 1=
£ 600 S~ 12 Traditional TCD method
o V \\\\\\ & — — — +5 scatter band
400 e v @8
v q v ®16(0.8)
200 - = ~ v  D18(r04)
. . . o i D32(r1.6)
10 10° 10* 10°
Cycles to failure/Nf Test fatigue life
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Figure 18. (a) Relationship between critical distance and fatigue life; (b) fatigue life predicted based
on traditional TCD method fitting.

From Figure 18, it is evident that only the v-notch sample with r = 1.0 mm exhibited
superior prediction accuracy, whereas specimens of other sizes showed larger prediction
deviations. This prediction discrepancy is attributed to the increasing influence of the size
effect as the notch root radius decreases.

Additionally, fatigue life predictions were extended to En3B carbon steel [27] and TC4
alloy [28] at room temperature with a stress ratio of R = —1. The mechanical properties
and stress concentration factors for these materials are presented in Tables 8 and 9. Their
probabilistic fatigue lives were analyzed using the same methodology as the proposed
Kt-V-L model.

Table 8. Mechanical properties of En3B and TC4.

Material E/MPa ocu/MPa oy/MPa K’/MPa n’
En3B 197,400 638.5 606.2 890.7 0.1635
TC4 107,000 950.0 902.0 1032.0 0.0729
Table 9. Kt value of notched specimen for En3B and TC4.

Material Notch Type Kt

V-4 mm notch 16.2

En3B U-R1.5 mm notch 6.1

central hole-R1.75 mm 3.1

smooth 1.0

TC4 R0.34 mm notch 3.0

R0O.1 mm notch 5.0
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For the PM of materials TC4 and En3B, the fitting equation of the new model can be
obtained as follows in Equations (26)—(29):

En3B PM:
K; 010y 09T = 86.098-N; 04 (26)
En3B LM:
Ky 01y -0 L = 40.821-N 04 (27)
TC4 PM:
K?.243_V0.627. L — 93.411- N})'Su (28)
TC4 LM:
KPH8.vO92. L = 50.247- N> (29)

Similarly, the proposed prediction equation was applied to TC4 and En3B materials
to assess the adaptability of the Ki-V-L model. The parameters a, by, and the fatigue life
distribution exponent (¢) were determined based on fatigue data obtained from smooth
specimens of En3B and TC4 material.

The characteristic fatigue life and distribution parameters under different stress levels
were initially established through linear regression analysis of experimental fatigue life
data from smooth specimens. Subsequently, the fatigue life distribution exponent (¢) was
then determined by averaging the distribution indices across multiple stress levels. A series
of characteristic fatigue life values corresponding to various stress levels, along with the
fitted parameters, are presented in Table 10. The results are illustrated in Figure 19.

Table 10. Fitted model parameters for TC4/En3B materials.

Material a b, @
En3B 873 —0.119 2.47
(@) [[Easpen ' ] (b) [ EwBIm T
= Venotch 50% 4 " V-notch 50%
10°F o Unotch 50% s 7 o U-notch 50% N
A 1.75mm50% 1 e} A 1.75mm50% P
o N A . .
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Figure 19. Estimated P-S-N curves: (a) TC4-PM 50% curve; (b) En3B-PM 50% curve; (c¢) En3B-PM
50% curve; and (d) En3B-LM 50% curve.
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From Figure 19, it was revealed that at a 50% survival probability in the proposed
model exhibits varying prediction accuracies for TC4 material with Kt equals to 3 and
5, and the model demonstrates enhanced precision, with predictions confined within a
twice dispersion band. Conversely, for Kt = 1, the predictions were more conservative,
with the maximum prediction error exceeding the twice dispersion band. For En3B carbon
steel, the model provided accurate predictions across all three notch types, with fatigue life
estimates remaining within the twice dispersion band. This indicates that the proposed
model demonstrates good robustness and accuracy.

6. Conclusions

This study established the Kt-V-L probabilistic fatigue analysis model by investigating
the notch fatigue when considering both notch and size effects. By incorporating the
Weibull statistical model and the critical distance theory, the proposed model effectively
describes fatigue probability dispersion and the influence of notch and size effects on
critical distance. The model was validated using experimental data from three different
materials with various notch types, leading to the following conclusions:

A probabilistic fatigue life prediction model was developed by integrating the Weibull
statistical approach with the theory of critical distances (TCD) and highly stressed volume
(HSV), enabling simultaneous consideration of notch and size effects. For 26Cr2Ni4MoV
notched specimens, the line method (Kt-V-L-LM) provided more accurate and consistent
predictions than the point method (Kt-V-L-PM), especially for large or sharp notches. The
TC4 and En3B experimental data fell within the predicted P-S-N curves, validating the
model’s reliability. Additionally, decreasing notch root radius led to shorter fatigue life due
to stronger stress concentration effects. Fractographic analysis revealed multiple crack initi-
ation sites at notch roots, contributing to rapid failure. The proposed framework, combining
small-scale fatigue tests, finite element analysis, and TCD, offers an efficient approach for
evaluating large-scale notched components while reducing full-scale testing demands.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abbreviations

The following abbreviations are used in this manuscript:

LCF  Low cycle fatigue

MCF Middle cycle fatigue

HSV  Highly stressed volume
TCD  Theory of critical distances
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SCF  Stress concentration factor
PM Point Method

LM Line Method

AM  Area Method

VM  Volume Method

FEM Finite element method
FCG Fatigue crack propagation
FS Crack initiation zone

CP Crack propagation zone
FF Rapid fracture zone

LES Linear elastic stress

ICP  Inductively coupled plasma emission spectroscopy
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