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Abstract

High-speed train axles with prefabricated surface notches are critical for evaluating fatigue resistance
under cyclic loading. This study investigates the fatigue characteristics of axles with circumferential
V-shaped notches of varying depths (0.538-1.760 mm) and stress concentration factors (2.48-5.49).
Fatigue tests were conducted at 19.8 Hz with a stress ratio of -1, up to 2 x 107 cycles, following EN
13261 standards. Magnetic particle inspection revealed no crack initiation in notched segments, even
at maximum local stresses reaching 1082.8 MPa. Results demonstrate excellent fatigue resistance of
axle materials, with deeper notches (up to 1.760 mm) still maintaining integrity. The findings
challenge conservative overhaul specifications (allowing impact depth less than 0.3 mm), suggesting
potential relaxation based on experimental evidence. This work highlights the need for
comprehensive fatigue assessment beyond local stress concentration alone.

Keywords: high-speed train axles; prefabricated surface notches; circumferential V-shaped notches;
fatigue characteristics; stress concentration factor (SCF); fatigue testing; magnetic particle inspection;
notch depth; fatigue strength; overhaul specifications

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].

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
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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
VHCF-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 systematically investigate the fatigue characteristics of
high-speed train axles featuring prefabricated circumferential V-shaped notches with varying depths
and stress concentration factors (SCFs). By conducting experimental tests on actual axles, the research
aims to: (1) evaluate the impact of notch depth (ranging from 0.538 to 1.760 mm) and SCF (2.48 to
5.49) on axle fatigue life under cyclic loading with a stress ratio of R =-1 and up to 2 x 107 cycles; (2)
validate the fatigue resistance of axles with notches deeper than current maintenance thresholds,
providing empirical data to inform potential revisions to conservative maintenance specifications;
and (3) challenge the conventional assumption that fatigue strength can be solely determined by the
local maximum stress at the notch root, thereby promoting a more comprehensive approach to
fatigue assessment.

The study employs a wheel-axle test bench to apply controlled cyclic loading at a frequency of
19.8 Hz, in accordance with the EN 13261 standard, while magnetic particle inspection is used to
monitor crack initiation at the prefabricated notches. Replica techniques and optical microscopy are
utilized to precisely characterize the geometry of the notches, including their depth, opening angle,
and tip radius of curvature, allowing for accurate calculation of SCFs. By progressively deepening
the notches and subjecting the axles to increasing numbers of loading cycles, the research seeks to
establish a quantitative relationship between notch severity and fatigue performance, bridging the
gap between laboratory-scale studies and real-world engineering applications.

The findings of this study are expected to contribute to a deeper understanding of the fatigue
mechanisms governing notched axles, providing critical insights for the design, maintenance, and
inspection of high-speed train components. By demonstrating the fatigue resistance of axles with
notches exceeding traditional damage limits, the research may also inform the development of more
efficient and evidence-based maintenance strategies, ultimately enhancing the safety and operational
efficiency of high-speed rail systems worldwide. The subsequent sections of this paper will detail the
experimental methods, present the results of the fatigue tests, discuss the implications of the findings
in the context of existing standards and theories, and conclude with recommendations for future
research in this field.
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2. Materials and Methods
2.1. Test Bench

In this research, fretting or impact damage defects were approximately modeled as
circumferential V-shaped notches encircling the axle body. 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.

The axle fatigue tests were conducted on the wheel-axle test bench as shown in Figure 1. 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.

Figure 1. The test bench is equipped with an experimental high-speed train axle.

2.2. Prefabrication of Surface Notches

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 t = 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 location of the prefabricated artificial notch is illustrated in Figure 2a, and the machined
notch produced by lathe processing is shown in Figures 2b—c.
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130 mm

Figure 2. Prefabrication of surface notches: (a) schematic of prefabricated notch location, (b) V-shaped notch on

the testing axle, (c) replica sampling of the notch.

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

The geometric parameters of the V-shaped notch are illustrated in Figure 3, and the notch angle
a and dimension x were calculated using Equations (1) and (2).

ﬁ) M
@

The radius of curvature at the notch tip was determined by performing a quadratic curve fitting

360 T 360
o = —arctan|(-) = —arctan
T x T
x 2(t—r+ r2+x2)

using several measurement points selected from the tip region of the V-shaped notch. The

corresponding calculation is based on the following equation:
3/2
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Figure 3. Schematic of a V-shaped notch with the parameters 7, ¢, t, and x.
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3. Results

3.1. 1¢t Round Fatigue Test and Results

Figure 4 presents the results for Axle H31-6201 with prefabricated notches, including replica
profile photographs of the notches (Figure 4a), measured geometric dimensions of the notches and
quadratic curve fitting results used to evaluate the notch tip curvature (Figure 4b).

(a) (b)
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500 um | 100 4
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0 400 800 1200 1600 2000
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Figure 4. V-shape notch on Axle H31-6201: (a) optical observation of the replica profile, (b) quadratic curve fitting.

The actual geometric parameters of the axle notches obtained from the replicas, along with the
corresponding stress concentration factors, are summarized in Table 1.

Table 1. Dimensions of notches and corresponding stress concentration factors (SCF).

Axle number Notch opening Notch depth/mm Curvature radius at the notch SCF
angle base

H82-6217 88.6° 0.572 0.389 2.48

H31-6201 86.0° 0.538 0.355 2.53

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. The experimental results are summarized in Table 2.

Table 2. Axle test results.

Axle number Loading/MPa Number of cycles Test result description
low-1
Axle body 136 1x107 No cracks 'dejcected (low-load
H82-6217 preliminary test)
Axde bodv 240 1x107 No cracks detected
X
y 1x107 No cracks detected
1x107 No cracks detected
H31-6201 Axle body 240
31-620 e body 1x107 No cracks detected

3.2. 2 Round Fatigue Test and Results (Notch Deepened)

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
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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 @ was calculated using Equation (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 Equation (3).

Figure 5 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 (covering a 10 mm arc segment centered at the deepest
point), 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 5, 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.

(d)
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Figure 5. 1¢t 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 Round Fatigue Test and Results (Notch Further Deepened)

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.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6 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.

B Measurement data
— Quadratic curve fitting
1600
E
E
£1 E 1200
g 3
= 800
400 4
0 T T T T T T T T T 0 T T T T T
0 1 2 3 4 5 6 7 8 9 10 0 400 800 1200 1600 2000 2400
Displacement/mm X/um

Figure 6. 27 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

After the first round of testing, both the two axles containing circumferential V-shaped notches
withstood 2 x 107 cycles of fatigue loading under a maximum applied stress of 240 MPa at the wheel
seat, with no cracks detected at the artificial notches through magnetic particle inspection. In the
second round, Axle H82-6217 experienced axle disengagement after 1.02 x 107 cycles, but again, no
cracks were observed in the notched segments. In the third round, Axle H31-6201 disengaged after
1.96 x 106 cycles, and the test was terminated. No cracks were found in the notch segments.

Although notches are generally known to significantly reduce fatigue strength, the artificially
prefabricated notches used in this study were sharper than typical fretting or impact-induced surface
damage observed in service. For instance, the circumferential V-shaped notches prefabricated on the
two axles reached a maximum depth of 0.669 mm and a maximum SCF of 3.12. The maximum
nominal bending stress at the V-shaped notch, excluding notch effects, was 220.2 MPa, corresponding
to a maximum local stress of 687.0 MPa when stress concentration is considered. Similarly, among
the eight notches located 15 mm from the wheel seat on Axle H31-6201, the maximum notch depth
was 0.906 mm, and the maximum SCF reached 4.54. The nominal bending stress at this location was

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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238.5 MPa, which results in a maximum local stress of 1082.8 MPa when accounting for stress
concentration. Despite these sharp prefabricated notches, no cracks were observed at any of the notch
sites after 2 x 107 fatigue cycles, as verified by magnetic particle inspection. This clearly demonstrates
the excellent fatigue resistance of the axle shaft material.

It is important to note that the fatigue strength of notched specimens is not solely determined
by the local maximum stress at the notch root. Fatigue limit testing of S38C material —with surface
hardness and low-temperature tempered martensitic microstructure like that of the axle surface—
was conducted previously using the staircase method under rotating bending loading for 108 cycles.
The results indicated that, under a 1% failure probability with 95% confidence, the lower bound of
the fatigue strength for small specimens was 647 MPa, which is significantly lower than the maximum
local stress of 1082.8 MPa estimated for the experimental axle with notch-induced stress
concentration. Therefore, the fatigue strength of notched components cannot be accurately
represented by simply referencing the local maximum stress near the notch root. Thus, estimating
fatigue strength based on the maximum stress at the notch root in notched specimens is non-
conservative. In contrast, estimating allowable notch severity based on the fatigue strength of
unnotched specimens is conservative. This distinction underscores the need for comprehensive
experimental validation rather than relying solely on local stress values in fatigue assessments of
notched components.

5. Conclusions

In accordance with the EN 13261 standard, fatigue tests were conducted on actual axles with
prefabricated notches under a maximum applied stress of 240 MPa at the wheel seat, with a stress
ratio of R =-1. The key experimental findings are summarized as follows:

1. Two actual axles with circumferential V-shaped notches located 130 mm from the wheel seat—
having notch depths of 0.572 mm, and 0.538 mm, and corresponding stress concentration factors
of 2.48, and 2.53, respectively —underwent 2 x 107 cycles of fatigue loading. Magnetic particle
inspection revealed no cracks along the circumferential notch segments.

2. On Axle H82-6217, the original circumferential V-shaped notch was deepened at eight positions,
resulting in notch depths ranging from 0.968 to 1.132 mm and stress concentration factors
between 4.12 and 4.84. After 1.02 x 107 cycles of fatigue loading, no cracks were detected at any
of the notched arc segments by magnetic particle inspection.

3. On Axle H31-6201, eight chordal notches located 15 mm from the wheel seat, with notch depths
between 0.709 and 0.906 mm and stress concentration factors from 3.49 to 4.54, were subjected
to 2 x 107 fatigue cycles. No cracks were observed at any of the artificially notched arc segments.
These experimental results demonstrate that high-speed train axles with various prefabricated

surface notches exhibit excellent fatigue resistance. Furthermore, the findings suggest that the

existing overhaul specification limits —stipulating a maximum allowable impact depth of 0.3 mm and

a scratch depth of 0.1 mm—may be conservatively low and could be appropriately relaxed based on

experimental evidence.
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