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Abstract

Surface defects such as scratches and impacts on high-speed train axles are often conservatively
treated in fatigue design and maintenance standards. This study investigates the fatigue behavior of
full-scale axles with circumferential V-shaped notches introduced to simulate such surface damage.
Three rounds of fatigue testing were conducted up to 2 x 107 cycles, with notch depths ranging from
0.538 mm to 1.760 mm and corresponding stress concentration factors (SCFs) up to 5.49. Despite the
sharp geometries and elevated local stresses (up to 1082.8 MPa), no fatigue cracks were observed at
any of the notched sites. Statistical analyses of in-service defects further revealed that real scratches
and impacts typically exhibit lower depths and curvatures than the prefabricated notches. These
findings highlight the exceptional fatigue resistance of the axle material and suggest that current
overhaul limits for allowable surface defect depths may be overly conservative. The results provide
an experimental foundation for refining defect tolerance criteria and support future adoption of
geometry- and curvature-based inspection strategies.

Keywords: high-speed train axles; prefabricated surface notches; circumferential V-shaped notches;
fatigue characteristics; stress concentration factor (SCF); fatigue testing

1. Introduction

High-speed train axles play a critical role in ensuring the safety and reliability of modern rail
transportation systems [1-6], as they are subjected to complex cyclic loading conditions that include
bending, torsion [7], and dynamic impacts during operation. The fatigue performance of these axles,
particularly when featuring prefabricated surface notches [8-13] that simulate real-world defects
such as fretting damage [14-17] or impact-induced flaws [18-20], has become a focal point of research
due to the increasing demands of higher operational speeds and heavier loads. Specimen surface or
surface notches are known to act as primary initiation sites for fatigue cracks [21-23], potentially
leading to catastrophic failures if not properly understood and managed. Despite the importance of
this issue, existing industry standards such as EN 13261 [24] provide limited guidance on the specific
relationship between notch geometry (e.g., depth, tip radius, angle) and the fatigue life of full-scale
axles, while maintenance specifications often adopt conservative limits for allowable damage (e.g.,
maximum impact depth of 0.3 mm) that may not fully reflect the actual fatigue resistance of axle
materials [8-13,25].
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Numerous studies [8-13,26-36] have investigated the fatigue behavior of notched components,
but most have focused on small-scale specimens or simplified notch configurations, failing to fully
capture the complex three-dimensional stress states and boundary conditions present in full-size
train axles. For instance, research on the fatigue properties of axle materials like S38C steel has
typically relied on standard test specimens under rotating bending, overlooking the influence of
wheel-seat interactions and dynamic loading scenarios that characterize real-world axle operation
[11,37-40]. Additionally, circumferential V-shaped notches, which more accurately mimic the sharp
defects caused by fretting or impact in service, have received limited attention in prior studies, with
most investigations focusing on U-shaped or other notch geometries. This gap in knowledge is
further compounded by the lack of specific fatigue limit testing protocols for full-scale axles in
standards such as JIS E4501, leading to uncertainties in engineering assessments of axle integrity and
service life [41].

The relationship between very high cycle fatigue (VHCF [42-59]) and railway axles is critical for
ensuring long-term reliability, as axles endure billions of cyclic loads during service, often exceeding
107 cycles in the VHCEF regime. In this context, VHCEF failures typically stem from internal defects like
non-metallic inclusions or micro-voids within the axle material, which act as stress concentrators and
trigger crack initiation beneath the surface. Characteristic , fish-eye” fracture patterns emerge, with
inclusions at the core surrounded by a granular bright facet zone, highlighting the role of
microstructural inhomogeneities in crack propagation. Key influencing factors include material
purity, inclusion size/distribution, and surface treatments—such as shot peening or induction
hardening —that mitigate stress concentrations and suppress crack growth. Understanding this
VHCEF-axle relationship is essential for refining design standards (e.g., EN 13261) and inspection
protocols to prevent unexpected failures and enhance the service life of railway components.
Additive manufacturing [60-66] enables the fabrication of railway axles with optimized
microstructures and tailored notch reinforcements, enhancing fatigue resistance and enabling
complex geometries unattainable via traditional methods.

The primary objective of this study is to address a critical question in railway axle fatigue
assessment: Can surface defects with geometries more severe than current maintenance thresholds
truly initiate fatigue failure in full-scale axles under service-representative loading? To this end, a
series of controlled fatigue tests were performed on actual high-speed train axles with prefabricated
circumferential V-shaped notches that exceed existing defect limits in both depth and curvature.

In parallel, statistical characterization of in-service surface defects—including scratches and
impacts—was conducted based on replica measurements from 44 retired axles. This dual approach
enables a direct comparison between real-world damage features and their conservative laboratory
representations. Fatigue tests, conducted up to 2 x 107 cycles at nominal bending stress levels of 240
MPa, revealed that even deep, sharp notches (up to 1.76 mm depth and SCF >5.0) did not result in
crack initiation.

These results challenge the conventional assumption that local stress concentration alone
governs fatigue strength and demonstrate that axle materials possess far greater damage tolerance
than currently assumed in maintenance standards. By bridging the gap between empirical fatigue
testing and field-observed defect statistics, this work provides an experimental basis for re-evaluating
existing defect acceptance criteria. The findings support a shift toward more evidence-based,
geometry-aware inspection and life prediction strategies for high-speed train axles.

2. Materials and Methods

In this research, scratch defects and impact damage defects were approximately modeled as
circumferential V-shaped notches encircling the axle body, respectively. To intensify stress
concentration, the notch depth and sharpness were increased, and the distance between the notch
and the wheel seat was reduced. These modifications were introduced to further investigate, through
fatigue testing, the fatigue performance of actual high-speed train axles with various prefabricated
surface notches.
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Each axle was subjected to both replica powder molding and acetate (AC) film replication. For
multiple powder replicas on the same axle, defects were labeled sequentially using the format ,, Axle
ID-Defect No.,” such as H11-4211-1 and H11-4211-2. Similarly, multiple AC film replicas from the
same axle were labeled using the format ,, AC Axle ID-Defect No.,” such as AC H11-4211-1 and AC
H11-4211-2. In total, 44 retired axles exhibiting scratch and/or impact damage were inspected in this
study.

2.1. Replication Methods

Two replication methods were employed: replication using powder (polymethyl methacrylate,
PMMA) and replication using AC films. For the dimensional measurement of axle defects, the
procedure involved first creating a replica using PMMA powder, followed by measurement on the
replicated sample. Prior to replicating actual defects on decommissioned axles, the accuracy of
PMMA powder replication was evaluated using artificial defect specimens as shown in Figure 1. The
results showed that the dimensional ratios between the original defects and their replicas were as
follows: width ratio of 1.03, depth ratio of 1.02, and radius of curvature ratio of 1.02. The deviation
between the replicated features and the original defects was within approximately 3%. In Figure 1a,
the upper part shows the original defect specimen, while the lower part presents the replicated
morphology.

(a) (b)

Prefabricated
notch

Prefabricated
notch
Notch on

the replica

Notch on

100 pm the repﬁca 20 mm
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Figure 1. Replication of defects on the axles: (a) microscopic comparison between the original defect and the

replica, (b) powder replication and a defect specimen.

Based on the characteristics of the PMMA powder and AC film replication processes, and
considering the large number of axles involved, an effective operating procedure was developed and
refined. A total of 69 powder replications and 74 AC film replications were performed on 44
decommissioned damaged axles. Contour line measurements were conducted on the powder
replicas, while selected AC film replicas were examined and documented using optical microscopy.

2.2. Replica Measurements

The AC film was mounted onto a metal plate and placed under an optical microscope, as shown
in Figure 2a, for observation. Image-Pro Plus 5.0 software was used to assign scale bars and label the
captured images. Each AC film specimen was examined to analyze the two-dimensional morphology
of the axle defects.

The PMMA powder replicas were placed under a profilometer, as shown in Figure 2b, for defect
scanning and measurement. The procedure for contour line measurement of the defects was as
follows: First, the replica sample was fixed on the specimen stage, with the orientation adjusted such
that the defect direction on the replica was perpendicular to the scanning direction of the profilometer
probe. A leveling tool was used to ensure the sample surface remained horizontal. The profilometer
probe was then lowered until it contacted the surface of the replica. After that, scans were performed
at the center and both sides of the defect area.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Devices used in measurement of the replica specimens: (a) optical microscope, (b) AFO-L1

profilometer.

2.3. Fatigue Tests and Prefabrication of V-Shaped Surface Notches

The axle fatigue tests were conducted on the wheel-axle test bench as shown in Figure 3a. The
tests were carried out at a loading frequency of 19.8 Hz, with a stress ratio of R = -1, and the total
number of loading cycles was set to no less than 2 x 107 cycles. After each 107-cycle interval, magnetic
particle inspection was performed to examine whether cracks had initiated at the artificially
introduced notch on the axle body. Since the JIS E4501-1995 standard does not specify the fatigue
limit or testing method for actual axles, the maximum load in the present fatigue experiments was
determined according to the EN 13261 standard, setting the maximum applied stress at 240 MPa.

Based on the observed data of impact and fretting damage on axle surfaces, as well as the fatigue
test results which investigated actual axles with circumferential V-shaped notches and the fatigue
strength tests of notched three-point bending specimens directly extracted from the axle surface
material, two actual axles were selected for testing (Axle Nos.: H31-6201 and H82-6217). The
following circumferential V-shaped notches were designed and introduced on these axles: distance
from the notch to the wheel seat 130 mm, notch angle a = 90°, notch depth # = 0.6 mm, notch tip radius
of curvature p = 0.4 mm, stress concentration factor ko = 2.49. Based on the measured stress at the
patch locations on cross-sections of the axles, and elastic beam theory, the maximum nominal
bending stress at the V-shaped notch is calculated to be 220.2 MPa. The machined notch produced by
lathe processing is shown in Figures 3b—c.
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Figure 3. Fatigue test setup and prefabrication of surface notches: (a) the test bench equipped with an
experimental high-speed train axle, (b) V-shaped notch on the testing axle, (c) replica sampling of the notch.

The replica technique using PMMA powder was employed to replicate the morphology of the
V-shaped notch, and the optical microscope was used to measure the profile of the replica sample,
allowing for the determination of the actual geometric dimensions of the prefabricated notch.

The geometric parameters of the V-shaped notch are illustrated in Figure 4, and the notch angle
a and dimension x were calculated using Eqs. (1) and (2).

o) $
LA R 2
x 2(t-r+r2ea?) @)

The radius of curvature at the notch tip p was determined by performing a quadratic curve
fitting using several measurement points selected from the tip region of the V-shaped notch. The
corresponding calculation is based on the following Eq. (3):
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Figure 4. Schematic of a V-shaped notch with the parameters r, ¢, f, and x.

3. Results
3.1. Measurement Results of In-Service Surface Defects

All measurement results include on-site photographs of axle defects, optical micro-scope images
of AC film replicas, and contour line profiles obtained from profilometer scans of the PMMA powder
replicas. As an example, Figure 5 presents the defect measurement results for Axle H11-4211. The
contour line image shown corresponds to the highest peak among the three scanned profiles, with
the value in parentheses indicating the maximum peak height of the selected contour.

Y(um)

&
Y(um)
o o

500 1,000 1,500 2,000 2.500 500 1,000 1,500 2,000 2,500
X(um) X(um)

Figure 5. Measurement results of Axle H11-4211: (a) on-site measurement, (b) optical microscopic morphology
of the AC film replica, (c) contour profile of the PMMA powder replica H11-4211-1 (47 um), and (d) contour
profile of the PMMA powder replica H11-4211-2 (11 pm).

3.2. Data Analysis of In-Service Surface Defects

Through replication and measurement of the damaged axles, an overall understanding of the
severity, types, and locations of defects can be obtained. These data provide a basis for the design of
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artificial defects in subsequent full-scale axle tests and small specimen experiments. In addition, they
serve as critical input for damage tolerance analysis and safety assessment of railway axles.

The data reveal that trailer axles exhibited only impact damage, whereas motor axles showed
evidence of both scratch damage and, in some cases, impact damage. Among the 44 axles examined,
a total of 43 scratch marks and 23 impact sites were identified. Several axles contained two scratch
marks; except for Axle H28-2213, where the two scratches were located on different circumferential
positions, all other dual-scratch cases were measured at two points along the same circumferential
scratch. For statistical analysis, the dimensions of the two scratches on the same circumference were
selected, resulting in 25 scratch data points. Additionally, Axles H34-4107, H13-2417, and H27-2110
each exhibited two distinct impact sites. All scratch defects were located within a range of 71.5 cm to
118.5 cm from the axle end, with the majority (22 out of 25) distributed relatively uniformly between
80 cm and 101 cm. Impact defects were all found within a range of 70 cm to 116 cm from the axle end.
Given the relatively uniform distribution of scratch defects and the higher randomness of impact
damage, the distribution of impact defect frequency versus distance from the axle end is shown in
Figure 6a, while the cumulative probability of impact defect distance is presented in Figure 6b. As
illustrated in the figures, approximately 80% of the impact damage defects occurred between 98 cm
and 116 cm from the axle end. Figure 7 shows schematic diagrams of the distribution of scratch and
impact damage defects, respectively. In Figure 7b, the red-shaded area indicates the region with a
higher probability of impact occurrence, which accounts for 80% of the observed impact damage

defects.
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Figure 6. Distribution of impact damage defects: (a) distribution of the number of impact damage defects with
respect to the distance from the axle end, and (b) cumulative probability distribution of impact damage defect

occurrence with respect to the distance from the axle end.
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Figure 7. Schematic diagrams illustrate: (a) the distribution of scratch defects along the axle (unit: mm), and (b)

the distribution of impact damage defects along the axle (unit: mm).

3.3. Prefabricated V-Shaped Notches
3.3.1. First-Round Fatigue with Initial V-Shaped Notches

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8 presents the measurement results for Axle H31-6201 with prefabricated notches,
including replica profile photographs of the notches (Figure 8a), measured geometric dimensions of
the notches and quadratic curve fitting used to evaluate the notch tip curvature (Figure 8b).

() (b)

800
700 4
600 1
500 4
400 1
300 1
200 1

500 pm 100
| 0

0 400 800 1200 1600 2000
X/um

n Measurement data
Quadratic curve fitting

X/um

Figure 8. V-shape notch on Axle H31-6201: (a) optical observation of the replica profile, (b) quadratic curve
fitting,.

Since all the two axles had previously undergone a baseline wheel seat fatigue test at 94 MPa for
107 cycles, the current tests were conducted in a stepwise manner. For Axle H82-6217, a 136 MPa shaft
fatigue test was first carried out. Upon confirming the absence of abnormalities, a 240 MPa fatigue
test was subsequently performed. Based on the results and experience gained from the first axles,
Axle H31-6201 was subjected directly to the 240 MPa fatigue test.

3.3.2. Second-Round Fatigue Test with Moderately Deepened Notches

Based on the results of the first round of testing, one of the axles, Axle H82-6217, was selected
for further modification. Specifically, the original V-shaped notch was deepened at eight
circumferentially symmetric positions using a riffler file, aiming for a maximum notch depth of
approximately 1.0 mm. The maximum nominal bending stress at the notch location was determined
to be 220.2 MPa.

The replica technique was employed to reproduce the actual morphology of the notches at eight
locations around the circumference. The profiles of the replica samples were then examined using an
optical microscope, enabling the measurement of the actual geometric dimensions of the artificially
prefabricated notches. The notch opening angle a was calculated using Eq. (1), while the notch tip
radius of curvature was determined by selecting several measurement points near the notch tip,
applying quadratic curve fitting, and using Eq. (3).

Figure 9 presents the results of one of the eight notches on Axle H82-6217, including: side-view
images of the replica profiles captured via optical microscopy, cross-sectional images at the deepest
point of each notch, measured notch depths, and quadratic curve fitting results of the deepest cross-
sections. The depth values are obtained from the height measurements of the replica profile side
views, calibrated accordingly.

The notch opening angles, notch tip radii of curvature, and stress concentration factors at the
deepest points of the eight V-shaped notch locations were obtained through measurements of the
replica sample profiles. For the notch shown in Figure 9, the notch opening angle is 77.2°. The notch
depth comes to 1.053 mm, and the notch root radius of curvature is 0.393 mm. Then the stress
concentration factor can be calculated as 4.19.

After 1.02 x 107 fatigue loading cycles, Axle H82-6217 experienced wheel hub disengagement,
leading to the termination of the experiment. Magnetic particle inspection revealed that no cracks
were observed in any of the eight artificially notched arc segments.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. 27 round deepened notch on Axle H82-6217: (a) side-view optical observation of the notch, (b) notch

replica profile, (b) measurement of the notch depth, and (c) quadratic curve fitting.

3.3.3. Third-Round Fatigue Test with Largely Deepened Notches

The existing eight notches on Axle H31-6201 were further deepened using a riffler file, with a
target maximum notch depth of 1.5 mm. The maximum nominal bending stress at the notch location
was calculated to be 238.5 MPa.

Figure 10 presents the analysis results for one of the eight notches on Axle H31-6201. Following
the same ways as above, the depth values for all eight notch locations (based on the 10 mm arc
segments centered at the deepest points) were derived from the height measurements of the side-
view replica profiles, calibrated accordingly. For the notch shown in Figure 6, the notch opening angle
is 59.5°. The notch depth measures 1.760 mm, and the notch root radius of curvature is obtained as
0.310 mm. The stress concentration factor is therefore 5.49 as calculated.

After 1.96 x 10¢ fatigue loading cycles, Axle H31-6201 experienced axle disengagement. Magnetic
particle inspection confirmed that no cracks were observed in any of the eight artificially notched arc
segments.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 10. 3" round deepened notch on Axle H31-6201: (a) side-view optical observation of the notch, (b) notch

replica profile, (b) measurement of the notch depth, and (c) quadratic curve fitting.

4. Discussion
4.1. Statistical Analysis of Axle Surface Defects
4.1.1. Scratch Defects

Based on the profilometer measurements of the PMMA powder replicas, the depth and width
of the defects were obtained, allowing for the calculation of the width-to-depth ratio of each damage
feature. It should be noted that most of the axle defects had been partially repaired prior to
replication; therefore, the measured profiles represent the post-grinding morphology of the defects.

Since the radius of curvature at the damage tip has a significant influence on defect criticality,
measurements of the tip curvature radius were conducted. It was observed that the point of
maximum depth on the contour profile does not necessarily correspond to the location with the
minimum curvature radius. In some cases, defects that are not the deepest may still represent the
most critical locations. Therefore, multiple relatively deep defects on each replica were selected for
curvature radius measurement. For each selected defect, nine points were extracted along the
measured contour profile, and a second-order polynomial fitting was performed to calculate the
radius of curvature at the valley. In cases where small sharp notches appeared within the valley of
the contour line, both the local tip curvature radius and the overall equivalent curvature radius were
measured.

In the statistical analysis of curvature at the valley regions, the tip curvature was used as the
primary evaluation metric, as a smaller radius of curvature typically indicates a higher risk of crack
initiation. When the range of curvature radii is large, large bin intervals are needed for probability
density analysis. This causes data points with small radii —those of greatest concern—to become
overly concentrated in the initial bins. In the probability density analysis, curvature was used as the
horizontal axis. This approach spreads out the high-risk data over a wider range of intervals, making
it easier to visualize and interpret the distribution of potentially critical defect sites.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Based on the statistical analysis of axle damage, it was observed that not every axle exhibited
only a single defect; some axles contained multiple scratch defects, while others had multiple impact
defects. Therefore, each defect was treated as an independent data point during analysis—separated
from the specific axle it originated from. This approach enables a clearer understanding of the
distribution characteristics associated with different levels or types of damage. Since scratch and
impact defects represent two distinct damage mechanisms, they were analyzed separately in both the
statistical evaluation and the distribution analysis.

The statistical analysis of scratch defect distribution, as presented in Figure 11, reveals key
morphological characteristics that are critical for assessing damage severity and fatigue risk in retired
railway axles. The results indicate that most scratches exhibit shallow depths (predominantly 40—
100 um) and relatively large widths (<3000 pm), resulting in low depth-to-width ratios for most cases
(typically below 0.10). This suggests that most scratch defects originate from surface-level
interactions such as fretting, abrasion, or minor contact, with limited penetration into the material
substrate.

However, a small number of scratches display significantly higher depth-to-width ratios and
sharper tip curvatures. These outliers, although less frequent, represent critical stress concentration
sites. Tip curvature plays a crucial role in the initiation of fatigue cracks. The curvature distribution
(Figures 11g-h) shows that while most scratches are relatively blunt (curvature <0.009 pm™), a few
exhibits sharper profiles (up to 0.027 um™), indicating a substantially higher potential for crack
nucleation.

From a damage tolerance perspective, the presence of such high-curvature, high-depth-ratio
defects justifies their classification as high-risk zones. These defects are more likely to act as initiators
under cyclic loading, particularly in VHCF regimes where microstructural barriers become
increasingly important. Therefore, even if these defects are fewer in number, their contribution to
overall fatigue behavior may be disproportionately large.
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Figure 11. Distribution and cumulative probability of various geometric parameters for scratch defects: (a) depth
distribution, (b) depth cumulative probability distribution, (c) width distribution, (d) width cumulative
probability distribution, (e) depth-to-width ratio distribution, (f) depth-to-width ratio cumulative probability
distribution, (g) tip curvature distribution, and (h) tip curvature cumulative probability distribution.

4.1.1. Impact Damage Defects

Figure 12 presents the distribution and cumulative probability (by quantity) of various
geometric parameters for impact damage defects. The depth distribution of impact damage reveals
that most defects are relatively shallow: over 80% exhibit depths below 100 um (Figures 12a-b). This
suggests that typical impact events—such as ballast strikes or operational collisions —tend to cause
surface indentation without significant subsurface penetration. In contrast to scratches, the width

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1166.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 July 2025 d0i:10.20944/preprints202507.1166.v1

13 of 20

distribution is broader, with several defects extending up to 7000 pm as shown in Figures 12c-d),
indicating that impact forces are often distributed over a wider area.

The depth-to-width ratio exhibits a relatively uniform spread across the range of 0.02 to 0.16
(Figures 12e—f), with no pronounced central tendency. This variability reflects the inherently random
nature of impact events and implies that some shallow but narrow defects, as well as moderately
deep and wide ones, may pose structural concerns depending on local stress conditions.

Tip curvature, a critical geometric parameter influencing local stress concentration, shows a
highly skewed distribution (Figures 12g-h). While most impact defects have blunt curvature profiles
(<0.02 um1), a small number of defects exceed 0.05 pm™, with outliers reaching up to 0.12 um. These
sharp-tipped impact sites are of particular interest in fatigue analysis, as they may serve as
preferential crack initiation zones under cyclic loading conditions.

Despite their low frequency, such severe curvature features must not be overlooked, especially
in regions subjected to high bending or contact stresses. The presence of these critical defects supports
the need for quantitative acceptance criteria in inspection protocols, based not solely on depth or
width but also on curvature-based metrics. These findings reinforce the necessity for defect-specific
characterization in structural integrity assessments and demonstrate that small but sharply curved
impact defects may dominate fatigue crack initiation behavior in railway axles.
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Figure 12. Distribution and cumulative probability of various geometric parameters for impact damage defects:
(a) depth distribution, (b) depth cumulative probability distribution, (c) width distribution, (d) width cumulative
probability distribution, (e) depth-to-width ratio distribution, (f) depth-to-width ratio cumulative probability

distribution, (g) tip curvature distribution, and (h) tip curvature cumulative probability distribution.

From a fatigue perspective, scratch defects represent a more consistent and predictable risk due
to their sharper profiles and higher stress concentration potential. Impact damage, on the other hand,
is less geometrically severe on average but exhibits greater dispersion and stochasticity, meaning
even low-depth impacts may pose critical risks if the curvature is high or if located in stress-intensive
regions.
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These distinctions underscore the importance of multi-parameter defect evaluation in fatigue
life modeling. The findings support the implementation of curvature- and shape-based screening
metrics in maintenance inspection, rather than relying solely on depth thresholds. Furthermore, these
statistical results provide a realistic basis for defining artificial defect geometries in both small-
specimen and full-scale fatigue experiments, ensuring accurate replication of in-service failure
mechanisms.

4.2. Influence of V-Shaped Notches on Axle Fatigue Performance

Despite the introduction of sharp, circumferential V-shaped notches with SCFs exceeding 5.0
and maximum local stresses reaching up to 1082.8 MPa, no fatigue cracks were observed in any of
the tested axle segments after up to 2 x 107 cycles. This finding directly challenges the conventional
assumption that local stress concentration alone governs fatigue crack initiation. In contrast to small-
scale specimen behavior, where crack nucleation often initiates at stress concentrators under
comparable stress levels, the full-size axles in this study demonstrated remarkable fatigue resistance,
suggesting the presence of scale effects, constraint conditions, and possible microstructural
toughening mechanisms that mitigate local damage accumulation.

Additionally, the comparison between nominal and local stress levels underscores the non-
conservativeness of evaluating notched fatigue strength solely based on the local peak stress. The
fatigue strength of S38C small specimens (647 MPa at 1% failure probability) is substantially lower
than the estimated local stress in the notched axles, yet the absence of cracking indicates that the
fatigue limit of full-scale components is not strictly controlled by local stress maxima. These insights
advocate for a shift toward more holistic fatigue assessment methodologies that integrate notch
geometry, material microstructure, and component-scale behavior.

From a practical perspective, the results strongly support the possibility of revising existing
maintenance standards that currently impose conservative notch depth limits (e.g., 0.3 mm for impact
damage). The tested notches, with depths up to 1.76 mm, remained intact under high-cycle loading
conditions, suggesting that a curvature- or SCF-based criterion may offer a more rational basis for
defect tolerance evaluations in high-speed train axles.

4.3. In-Service Surface Defects vs. Artificially Prefabricated Notches

A critical comparison between in-service surface defects and artificially prefabricated notches is
essential for evaluating the representativeness of laboratory fatigue tests and their relevance to real-
world axle damage scenarios. This section compares their geometric characteristics, stress
concentration potentials, and fatigue implications of both defect types.

The in-service surface defects —including both scratch and impact damage —exhibited relatively
shallow depths, typically in the range of 40-100 pm, with only a few exceeding 150 um. In contrast,
the prefabricated circumferential V-shaped notches introduced in this study were intentionally
deepened to a maximum of 1.76 mm, representing an order of magnitude greater penetration.
Similarly, the radius of curvature at the defect tips differed significantly: while real defects showed
curvature values mostly below 0.01 pm™?, the prefabricated notches had sharper tips with tip radii
down to 0.31 mm, corresponding to higher curvature and increased theoretical stress concentration.
Despite this, the calculated SCFs for real-world defects, based on profilometric data, were generally
lower than those for artificial notches. For example, the SCFs of real defects were estimated to range
between 1.5 and 3.0 (depending on curvature and depth), whereas those of prefabricated notches
reached values up to 5.49. This deliberate exaggeration in notch severity serves to establish a
conservative experimental boundary for assessing material fatigue resistance.

Interestingly, even under more severe geometric conditions and elevated SCFs, the prefabricated
notches did not lead to crack initiation after up to 2 x 107 fatigue cycles at a maximum nominal stress
of 240 MPa. This outcome implies that actual in-service surface defects—being geometrically less
severe—are unlikely to initiate fatigue failure under similar loading conditions, provided they occur
in comparable material zones with similar surface conditions. However, while prefabricated notches
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simplify geometry and allow controlled testing, they do not fully replicate the randomness,
asymmetry, or multi-axial stress states often present in real-world defects, particularly those caused
by impact. For instance, real impact damage often presents with irregular boundaries, asymmetrical
penetration, and potential microstructural damage at the tip, factors that may enhance crack
nucleation under service loading. Therefore, although the prefabricated notches offer a conservative
fatigue threshold, they may underestimate localized effects associated with actual damage
morphologies.

The results from the artificially notched axle tests provide strong evidence that the current
maintenance thresholds (e.g., 0.1 mm for scratches and 0.3 mm for impacts) are likely to be overly
conservative. Given that notches up to 1.76 mm in depth did not trigger cracking under standard
fatigue loading, in-service defects—most of which are shallower than 0.5 mm—may not require
immediate intervention. Nonetheless, localized defects with exceptionally small radii of curvature
(as observed in a few sharp impact defects) could represent higher-risk features despite their shallow
depth, highlighting the importance of curvature-based screening metrics.

In summary, while artificially prefabricated notches are geometrically simplified and
deliberately severe, their fatigue performance provides a safety envelope within which in-service
defects can be assessed. This comparison supports the potential relaxation of current defect size
criteria in overhaul standards, provided curvature and location-specific factors are adequately
considered in fatigue life evaluations.

4.4. Limitations and Outlook

This study is limited by the relatively small number of full-scale axle specimens and the use of
idealized, axisymmetric notches that may not fully capture the irregularity of real in-service defects.
Additionally, the analysis was based on simplified two-dimensional geometric measurements and
nominal stress assumptions, without accounting for three-dimensional stress fields or multiaxial
service loading.

Future work should explore more representative defect geometries and incorporate 3D finite
element analysis to better resolve local stress states. The integration of digital twin frameworks —
combining high-fidelity simulations with real-time inspection data— offers a promising avenue for
defect-specific fatigue life prediction. Moreover, expanding to different material systems, residual
stress conditions, and environmental factors will enhance the robustness and applicability of fatigue
assessment methodologies for high-speed train axles.

5. Conclusions

This study experimentally investigated the fatigue behavior of full-scale high-speed train axles
containing circumferential V-shaped notches designed to simulate and exceed the severity of in-
service surface defects. Fatigue tests up to 2 x 107 cycles under a nominal stress of 240 MPa revealed
that even sharply profiled notches—with depths up to 1.76 mm and stress concentration factors
exceeding 5.0 —did not trigger fatigue crack initiation. These findings demonstrate a remarkably high
level of damage tolerance in axle materials, far surpassing conservative assumptions embedded in
current maintenance standards.

In contrast, replica-based measurements of 44 retired axles showed that actual surface defects,
including scratches and impacts, were significantly shallower and geometrically less severe than the
prefabricated notches. This direct comparison highlights the potential over conservatism of existing
defect acceptance limits (e.g., 0.1 mm for scratches, 0.3 mm for impacts).

The results challenge the prevailing reliance on local stress-based criteria for fatigue
assessment and suggest that curvature, notch geometry, and full-scale material behavior must
be integrated into more realistic defect evaluation frameworks. This work provides a
scientific foundation for refining defect tolerance criteria and advancing toward geometry-
informed, evidence-based fatigue management strategies for railway axle systems.
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