Pre prints.org

Article Not peer-reviewed version

Experimental Investigation on Fatigue
Crack Propagation in Surface Hardened
Layer of High-Speed Train Axles

Chun Gao, Zhengwei Yu, Yuanyuan Zhang , Tao Fan, Bo Zhang , Huajian Song , Hang_ Su i
Posted Date: 23 June 2025
doi: 10.20944/preprints202506.1733.v1

Keywords: fatigue crack propagation; three-point bending; crack measurement; fractography; high-speed
train axle; surface hardening

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4445858

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 June 2025 d0i:10.20944/preprints202506.1733.v1

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

Article

Experimental Investigation on Fatigue Crack
Propagation in Surface Hardened Layer of
High-Speed Train Axles

Chun Gao 2, Zhengwei Yu 3, Yuanyuan Zhang !, Tao Fan ¢, Bo Zhang 3, Huajian Song ¢
and Hang Su 7*

1 School of Civil Engineering, Harbin University, Harbin 150086, China

2 Heilongjiang Province Key Laboratory of Underground Engineering Technology, Harbin University,
Harbin 150086, China

3 College of Science, Heilongjiang University of Science and Technology, Harbin 150020, China

4 Heilongjiang Zhongbei Post and Telecommunications Construction and Development Company,
Harbin 150036, China

5 Zhongte (Shenzhen) Intelligent Co., Ltd, Shenzhen 518000, China

¢ School of Automation and Electrical Engineering, Linyi University, Linyi 276000, China

7 Department of Civil Engineering, University of California, Los Angeles, CA 90095, USA

* Correspondence: hangsu2018@g.ucla.edu

Abstract

This paper presents an experimental investigation on fatigue crack propagation in the surface
hardened layer of high-speed train axles made of S38C steel. Three-point bending specimens were
extracted from CRH2 EMU axles, with the hardened surface layer (0—2 mm depth) and core matrix
(beyond 6 mm) characterized via microstructure and microhardness analysis. Fatigue tests were
conducted using a PLG100 machine, monitoring crack growth under stress ratio R =0.1. Results show
that the hardened layer exhibits lower fatigue crack growth rate (da/dN) than the transition layer (2—
6 mm) and core matrix. The da/dN-AK relationships were fitted following Paris Law, revealing the
hardened layer’s higher resistance to crack propagation, attributed to its tempered martensite
microstructure. This study provides insights into how gradient microstructures affect fatigue
behavior in axle materials.

Keywords: fatigue crack propagation; three-point bending; crack measurement; fractography; high-
speed train axle; surface hardening

1. Introduction

High-speed railways have emerged as a cornerstone of modern sustainable transportation, with
over 80,000 km of high-speed tracks operational worldwide by 2025 [1,2]. The reliability of key
components like axles is critical, as fatigue failure in their surface-hardened layers poses significant
safety risks [3-5]. Axles endure cyclic loading exceeding 108 cycles during their service life,
necessitating investigations into very high cycle fatigue (VHCF) behavior which is defined as fatigue
failure beyond 107 cycles [6—14]. Traditional studies [15-21] on fatigue crack propagation (FCP) often
focus on low-to-high cycle regimes, leaving a knowledge gap in VHCF mechanisms for gradient
microstructures [22-25] in hardened layers.

The surface-hardened layer of axles [26-31], typically composed of tempered martensite (0-2
mm depth), transitions to pearlite-ferrite mixtures in the core region [23,32-35]. This gradient
microstructure, induced by induction heating, enhances wear [36-38] and fatigue resistance [39—43].
However, in VHCF regimes, crack initiation from sub-surface inclusions or microstructural defects
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becomes prevalent, differing from high-cycle fatigue (HCF) failure modes [44-47]. For instance, Pan
et al. [48,49] observed that in titanium alloys, VHCF cracks initiate from nanograin formations near
inclusion-matrix interfaces, while core materials exhibit faster crack growth rates. Such findings
highlight the need to link microstructural gradients with VHCF performance in axle steels.

Additive manufacturing (AM), particularly laser-based powder bed fusion, has revolutionized
material design by enabling tailored gradient microstructures [50-56]. Unlike conventional induction
hardening, AM allows precise control over hardness [57,58] and phase distributions, potentially
optimizing fatigue resistance [59]. In axle steels, AM could mitigate stress concentrations by
integrating gradient layers with tailored hardness profiles, though its application in large-scale
components like axles remains underexplored.

Current research on axle fatigue primarily relies on conventional testing methods, overlooking
the synergistic effects of microstructural gradients and VHCEF. Studies by Zhang et al. [23] revealed
that in S38C steel, the hardened layer’s tempered martensite delays crack propagation, but the
transition layer (2-6 mm) exhibits scatter in fatigue crack growth rate (da/dN) due to mixed
microstructures. Meanwhile, AM-induced gradients in AlSi10Mg show reduced da/dN in VHCEF,
attributed to nanograin formation at crack tips [45]. These insights suggest that combining surface
hardening with AM could enhance axle durability, yet experimental data on such hybrid approaches
remain scarce.

This study addresses these gaps by investigating FCP in induction-hardened S38C axle steel
under VHCF conditions (up to 108 cycles). Three-point bending specimens with gradient
microstructures (hardened layer, transition layer, core) were tested to characterize da/dN and stress
intensity factor range (AK) relationships. By integrating findings from VHCF research on gradient
materials [23,25,45] and AM’s potential for microstructure tailoring [60], this work aims to: (1)
establish da/dN-AK models for different depth zones; (2) compare fatigue resistance between
induction-hardened and conceptually AM-optimized microstructures; (3) provide guidelines for
improving axle longevity via microstructure design. The results bridge the gap between conventional
surface hardening and emerging AM technologies in VHCF-resistant component design.

2. Materials and Methods

2.1. Specimen Design and Fabrication

The axle involved in this research belongs to the CRH2 EMU series (Japanese type), with its base
material being S38C steel, as illustrated in Figure 1. The surface of this axle undergoes induction
heating, quenching, and low-temperature tempering (induction heating frequency of 3 kHz, heated
to 880-900°C followed by water cooling and tempering at 200°C), resulting in a hardened surface
layer while maintaining a normalized structure in the core. The surface layer of the axle consists of
tempered martensite with a depth of approximately 2 mm. From 2 mm to around 6 mm beneath the
surface, there exists a transition layer characterized by a mixture of quenched-tempered
microstructure and pearlite-ferrite phases, with an increasing presence of pearlite and ferrite as the
depth increases. Beyond 6 mm from the surface, the microstructure predominantly consists of a
pearlite-ferrite mixture, indicating a normalized state. The Vickers microhardness within the first 2
mm of the surface layer is approximately 551 + 36 HV Beyond 2 mm, the microhardness significantly
decreases, reaching around 230 HV at a depth of 6 mm, which is close to the hardness of the core
material. Beyond 8 mm, the hardness fluctuates slightly within a narrow range, averaging 200 HV
representative of the normalized microstructure of the core.
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Figure 1. Schematics of (a) high-speed train locomotive axle, (b) high-speed train trailer axle. (unit: mm).

To acquire the fatigue crack growth characteristics of the axle material containing a hardened
surface layer, the specimens were designed as three-point bending samples, following the standard
specimen dimensions outlined in GB/T4161-2007. The actual dimensions used for the specimens
were: 150 mm in length (span of 120 mm), 15 mm in width, and 30 mm in height, as shown in Figure
2a. The tension side of the specimen represents the axle surface, i.e., the hardened surface layer, and
a 0.5 mm deep notch was pre-machined at the center of the tension side using CNC wire cutting
technology to facilitate crack initiation and growth. Based on the principles of three-point bending
beams, the nominal stress on the tensile side surface of the specimen can be calculated as follows:

3
wh?

where o represents the nominal stress at the notch, P is the applied load, w is the specimen width, h

(o3

M

is the specimen height, and x is the half-span length.

Two axle segments were provided, each with a height of 170 mm, extracted from the middle
section of the actual trailer axle. Based on the designed specimen shape and dimensions, the cutting
scheme was established as shown in Figure 2b. A total of 24 three-point bending specimens were
evenly distributed and cut from the surface layer along the circumferential direction of the axle
segment. To ensure precision during specimen cutting, the axle's central axis was meticulously
measured, and the axle segments were mounted on the cutting machine to ensure that the wire
cutting process was perfectly aligned with the axle's axis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Schematics of (a) three-point bending specimen, (b) axle cross-sectional sampling. (unit: mm).

The front and back surfaces (30 mm x 150 mm) of the extracted three-point bending specimens
were ground using a surface grinder, with the surface roughness controlled to Ra = 0.4 um. The two
support points on the surface layer of the specimen (i.e., the support surface or the tensile surface)
were also ground to ensure stable support during loading. The middle region of the side surface of
the processed specimens was sequentially polished with 400 grit, 800 grit, 1000 grit, 1500 grit, and
2000 grit sandpapers, followed by further polishing with 1.0 um diamond paste. The actual width
and height of the processed and polished specimens were measured by digital calipers. The actual
dimensions of the 6 specimens used in this research are listed in Table 1.

Table 1. The actual sizes of the three-point bending specimens.

Specimen Number Width (mm) Height (mm)
1 15.60 30.90
3 16.00 31.00
4 16.00 30.70
8 15.98 31.20
17 15.88 30.80
21 15.70 31.00

2.2. Testing Method and Devices

These specimens provide the opportunity to investigate and analyze the fatigue crack growth
characteristics of the hardened surface layer of the axle, which exhibits variations in microstructure
and mechanical properties across different depths. A PLG100 high-frequency fatigue testing machine,
as shown in Figure 3a, was employed to perform three-point bending fatigue loading on the
specimens, with a stress ratio R of 0.1. An optical imaging and data acquisition system, as shown in
Figure 3b, was used to observe the notched region on the side surface of the three-point bending
specimens. Once crack initiation occurred, the propagation of the crack was tracked continuously.
The fatigue loading was paused at specific intervals to photograph the crack, and then loading was
resumed. Subsequently, image processing software was used to measure the crack length
corresponding to each loading cycle. By analysis and calculation, the relationships among crack
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length, fatigue crack growth rate, and stress intensity factor were established. For the specimens that
reached the termination criteria of the experiment, low-temperature brittle fracture was induced, and
the fracture surfaces were photographed using a stereomicroscope. Further analysis of the fracture
surfaces was conducted with SEM. The stress intensity factor range AK for the crack body in the three-
point bending specimens can be calculated using the following equation:

AK=Ac+[rat (%) @)

1.99—a(1—a) 2.15—3.93a+2.7(aj
a)_ 1 bl" b b b o
N 3
" (1+2aj[1—aj
b) " b

where Ao is the nominal stress amplitude corresponding to the applied load, a is the crack length,

and b is the specimen height.
The fatigue crack growth rate (da/dN) is calculated using the differential method, expressed as
follows:

The crack length at the Nth cycle — The crack length at the Mth cycle

da/dN =
a/ N—M

(4)

(a)

Zoom Lens

:
4

Specimen

Figure 3. Fatigue testing system: (a) PLG100 high-frequency fatigue testing machine (frequency range: 80-250

Hz, maximum loading: +50 kN), (b) imaging and data acquisition system.

The testing was conducted in several steps. After installing the specimen and the optical
observation equipment, the fatigue experiment is initiated. Once a fatigue crack appears and
propagates to a certain length, the fatigue loading is paused to photograph the crack. If the crack does
not propagate after 10° cycles at a given length, the applied stress is increased (minimum 5 MPa,
maximum 20 MPa), and observations are continued. The process is repeated until the crack length
exceeds 13 mm or the fatigue testing machine fails to maintain vibration. Then, the captured images
are stitched together using image processing software. The crack length on the surface is measured
using specialized software. After completing the fatigue experiment, the specimens are rapidly
fractured in a liquid nitrogen environment. The fracture surfaces are photographed using a
stereomicroscope. Five evenly spaced measurement points are selected perpendicular to the crack
propagation direction to measure the distance from the specimen surface to the crack trace at different
cycle numbers. The crack growth length is obtained through this measurement, and the crack length
observed on the surface is corrected using linear interpolation, as illustrated in Figure 4. Finally, the
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relationships among crack length, fatigue crack growth rate, and stress intensity factor range are
obtained through calculation.
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Figure 4. Schematic of crack measurement.

3. Results

3.1. a-N Data and Fractography

Fatigue crack growth experiments were conducted on the six three-point bending specimens
listed in Table 1. For each specimen, the crack length, along with the corresponding applied load and
loading cycles, was recorded at various stages of crack propagation after initiation.

Figure 5 displays the results for Specimen 1, including six optical micrographs showing the crack
initiation and its progression towards fracture at different stages. Figures 6 presents the observed
results of crack growth length versus the number of loading cycles for the 6 specimens, namely the
a-N data plots. Figure 7 shows the corresponding fractographic observations for the six specimens,
each illustrating microstructure and morphology of the fracture surface optically.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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~1.4 mm, (c) crack length ~4.6 mm, (d) crack length ~8.2 mm, and (e) crack length ~10.2 mm.
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Figure 6. a—N data: (a) Specimen 1, (b) Specimen 3, (c) Specimen 4, (d) Specimen 8, (e) Specimen 17, and (f)

Specimen 21.
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Figure 7. Fractographic observations: (a) Specimen 1, (b) Specimen 3, (c) Specimen 4, (d) Specimen 8, (e)
Specimen 17, and (f) Specimen 21.

3.2. da/dN and AK Data

The fatigue crack growth experiments yielded the crack growth rate da/dN and the stress
intensity factor range AK at various stages of crack propagation for each specimen. Due to the
gradient variation in the microstructure of the hardened surface layer, da/dN differs at various
positions within the hardened layer and the transition layer. Therefore, this research presents
experimental results correlating da/dN, AK, and the distance of the crack tip from the surface X.
Figure 8 illustrates the relationship among da/dN, AK, and X for the 6 specimens.
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Figure 8. The relationship among da/dN, AK, and X: (a) Specimen 1, (b) Specimen 3, (c) Specimen 4, (d) Specimen
8, (e) Specimen 17, and (f) Specimen 21.

4. Discussion

4.1. Summary and Analysis of da/dN and AK Data

The data for the six specimens are consolidated and comprehensively represented in Figure 9.
Figure 9a shows the summarized relationship as a da/dN-X-AK surface plot and Figure 9b presents

the summarized data in a da/dN-AK-X plot. From Figure 9, as well as the original data in Figure §,
it is evident that da/dN tends to increase with the rise of both AK and X.
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Figure 9. Summary diagrams of da/dN and AK data: (a) da/dN-X-AK, and (b) da/dN-AK-X.

4.2. da/dN and AK in Multiple Depth Ranges

Evidently, materials with different microstructures exhibit varying mechanical properties,
which, in turn, influence their fatigue crack growth rates. The three-point bending specimens used in
the experiment were directly extracted from the actual axle, with the tensile side representing the
hardened surface layer of the axle. The surface layer can be divided into three distinct regions based
on microstructural characteristics. The region in the depth range of 0-2 mm constitutes the quenched-
tempered microstructure of the hardened surface layer. Between 2-6 mm, it’s the transition layer,
which consists of a mixture of quenched-tempered structures and pearlite-ferrite phases. Beyond 6
mm, it corresponds to the core matrix, characterized by a normalized structure. Therefore, the
experimental data of da/dN, AK, and X are grouped into three specific intervals: 0-2 mm, 2-6 mm,
and 6-15 mm, as shown in Figure 10.

Figure 10a illustrates da/dN as a function of AK within the 0-2 mm depth range from the
specimen surface. Based on the data points presented in Figure 10a, the relationship between da/dN
and AK follows the Paris Law, which is expressed as:

da
o = CK) (5)

A fitting procedure can be performed to establish the relationship between da/dN and AK, and
the parameters C and m can be obtained as follows:

da
lgﬁ = —17.65 + 6.501g(AK) (6)

The corresponding linear correlation coefficient r is 0.691, and the standard deviation 6 is 0.79.
Thus, Equation (6) can be rewritten as:

da
W= 2.24x10718AK 650 (7)

where da/dN is in unit of m/cycle, and AK is in unit of MPa-m'2.

Figure 10b illustrates the variation in da/dN with AK within the 2-6 mm depth range from the
specimen surface, which corresponds to the transition layer of the actual axle surface. It can be
observed that da/dN exhibits significant scatter. To better analyze the data, the results shown in
Figure 10b are further divided into two subregions: 2-4 mm (marked in black) and 4-6 mm (marked
inred). The data reveal that the region closer to the surface (2—-4 mm) exhibits relatively higher fatigue
crack growth resistance compared to the deeper region (4—6 mm).

Figure 10c shows da/dN versus AK within the 6-15 mm depth range, corresponding to the core
matrix microstructure of the axle. Based on the data points from Figure 10c, a fitting process following
the Paris Law yields the relationship as:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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ISt = 12,67 + 3.54lg(AK ®)
8N = : .541g(AK)

The corresponding linear correlation coefficient r is 0.696, and the standard deviation 0 is 0.68,
which turns Equation (8) into:

da
W= 2.14x10713AK 354 )

where da/dN is in unit of m/cycle, and AK is in unit of MPa-m'2.

By comparing Figure 10a with Figure 10b,c, and correspondingly comparing Equation (7) with
Equation (9), it is evident that within AK of 10-40 MPa-m!/?, da/dN in the hardened surface layer of
the actual axle is relatively slower than that in the transition layer and the core matrix. This
observation indicates that the hardened surface layer of the axle possesses a relatively higher

resistance to fatigue crack growth, effectively impeding crack propagation under equivalent stress
intensity factor conditions.
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Figure 10. Relationship between da/dN and AK within different depth ranges from the specimen surface: (a) 0-2
mm; (b) 2-6 mm; (c) 6-15 mm.

5. Conclusions

In this paper, an experimental investigation was performed on the fatigue crack growth
behavior of an axle steel that contains a hardened surface layer with gradient microstructure. The
main conclusions are summarized as follows:

(1) Three-point bending specimens were extracted from the actual S38C axle, with the tensile side
representing the hardened surface layer of the axle. Through three-point bending fatigue loading
combined with crack length monitoring, the fatigue crack growth characteristics of the axle's
surface material, which features a gradient in hardness, were effectively captured. The
experimental results reveal the relationship between the fatigue crack growth rate and the stress
intensity factor range across three distinct microstructural regions of the axle material: the
hardened surface layer (0-2 mm), the transition layer (2-6 mm), and the core matrix (beyond 6

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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mm). This stratification allows for a comprehensive understanding of how the material's
microstructural gradient influences fatigue crack propagation under cyclic loading conditions.

(2) Inthe hardened surface layer of the axle, within the depth range of 0-2 mm from the surface, the
relationship between da/dN and AK is represented by the following expression:

da
— = 2.24x10718AK 65°
dN 8

where da/dN is in unit of m/cycle, and AK is in unit of MPa-m'2.
(3) In the core matrix of the axle, specifically within the depth range of 6-15 mm from the surface, the
relationship between da/dN and AK is represented by the following expression:

da
— = 2.14x10713AK 35
dN 8

where da/dN is in unit of m/cycle, and AK is in unit of MPa-m'2.
(4) The comprehensive comparison indicates that the hardened surface layer of the axle exhibits
significantly higher resistance to fatigue crack growth compared to both the transition layer and the
core matrix.

Data Availability Statement: Data will be made available on reasonable request.
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