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Abstract: High-speed trains have revolutionized modern transportation with their exceptional
speeds, yet the essence of this technological breakthrough resides in the train's wheels. These
meticulously engineered components are deliberately designed to endure extreme mechanical
stresses while ensuring uncompromising safety and reliability. In this paper, we selected the rim and
web as representative components of the wheel and conducted a comprehensive and systematic
study on their microstructure and mechanical properties. The wheels are typically produced through
integral forging. To improve the mechanical performance of the wheel/rail contact surface, i.e. tread
in the wheel, the rim is subjected to surface quenching or other heat treatments. This endows the rim
with strength and hardness second only to the tread, while also reducing its texture intensity and
ductility, resulting in nearly isotropic characteristics and better fatigue resistance in low-cycle and
high-cycle regimes under rotating bending. The web connects the wheel axle to the rim and retains
the pronounced texture formed during the forging process. Its strength is lower than that of the rim,
while its ductility is slightly better. This indicates that there is still considerable potential to tailor the
mechanical properties of the web through heat treatment.

Keywords: high-speed train wheel; steel; microstructure; hardness; tension; low-cycle fatigue; high-
cycle fatigue; rotating bending; fatigue limit; staircase method

1. Introduction

According to Refs. [1-4], high-speed rail refers to a rail transport network that uses trains
operating at speeds significantly higher than traditional rail, supported by an integrated system of
specialized rolling stock and dedicated tracks. While there is no universal definition or standard, lines
designed to manipulate speeds of at least 250 km/h, or upgraded lines with speeds of at least 200
km/h, are generally considered high-speed. In China, high-speed rail is classified as newly
constructed passenger lines with a design speed of 250 km/h or more, and a minimum initial
operating speed of 200 km/h [5,6]. In historical terms, the inaugural high-speed rail system was the
Japan’s Tokaido Shinkansen, launched in 1964. Contrarily, China’s high-speed rail development,
though starting later, has undergone unprecedented expansion, culminating in an operational
network spanning 45,000 km by the end of 2023 and solidifying its position as the global leader in
both infrastructure scale and technological adoption [7,8].
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For high-speed rail applications, train wheels are typically manufactured [9,10] as monobloc
components via forging, utilizing specialized steel grades [11,12] that provide a balanced
combination of strength [13-15], ductility [13-17], fracture toughness [14,15], and fatigue resistance
[18-41]. These wheels operate under complex and demanding service conditions, including high-
speed rolling contact [42-44], thermal cycling [44-47] caused by braking, and dynamic loads resulting
from track irregularities [48]. Structurally, a wheel consists of three primary regions: the tread (or
running surface), the rim, and the web, each subjected to distinct mechanical and thermal conditions.
The rim, in particular, experiences elevated contact stresses and is often subjected to surface
hardening treatments to enhance fatigue resistance [49-51]. Recently, additive manufacturing [52-60]
has been more and more popularly applied in the repairment of wheels.

In contrast, the web primarily sustains bending stresses and retains more of the forged texture.
Therefore, a comprehensive understanding of the microstructural and mechanical property
variations across these regions is essential for optimizing wheel performance and ensuring long-term
reliability [19-28,37-39] in high-speed rail service.

High-speed rail wheel steel is a specialized steel used for manufacturing wheels of high-speed
rail trains. These wheel steels must meet the high demands of high-speed operation, frequent starts
and stops, and complex track conditions, and therefore possess characteristics such as high strength,
high toughness, high wear resistance, and good resistance to thermal cracking.

The wheels of high-speed trains represent a critical engineering interface between rolling stock
and rail infrastructure, where the rim and web regions endure distinct yet interconnected
thermomechanical challenges during operation. The rim, subjected to intense friction, cyclic thermal
loading, and wear from wheel-rail contact, demands a microstructure optimized for surface hardness,
fatigue resistance, and thermal stability. In contrast, the web, functioning as a structural mediator
between the rim and hub, must balance dynamic load transmission with resistance to crack
propagation while minimizing weight. Both regions rely on tailored steel microstructures —governed
by phase distribution, grain refinement, and carbide precipitation—to achieve site-specific
mechanical properties such as strength-toughness synergy, stress corrosion resistance, and damping
capacity. However, the heterogeneous thermomechanical histories imposed during manufacturing
and service often induce microstructural gradients between these zones, potentially compromising
performance under extreme speed and load conditions. This study systematically examines the
microstructural architectures and their mechanical manifestations in the rim and web of high-speed
train wheels, employing multiscale characterization and mechanical testing to unravel location-
dependent degradation mechanisms. The findings aim to advance the design of functionally graded
wheel materials that harmonize the conflicting performance requirements of these critical regions.

2. High-Speed Train Wheels
2.1. Background

The wheelset, comprising the wheel and axle, is critical for high-speed rail safety and
performance. The rim, as the contact surface with the rail, undergoes precision forging and heat
treatment to withstand extreme thermomechanical loads. Its profile (e.g., conical or concave)
optimizes steering stability and wear resistance. The web plate (or spoke) connects the rim to the hub,
engineered with radial ribs or hollow structures to balance lightweight design with fatigue resistance.
Advanced materials like EA4T alloy steel enhance strength-to-weight ratios, while ultrasonic testing
ensures metallurgical integrity. This integrated design minimizes vibrations and derailment risks at
speeds exceeding 350 km/h.

High-speed train wheel rim is an important part of high-speed railway wheel, and the
introduction about high-speed railway wheel rim can be summarized as follows: rim is the outer
edge part of the wheel, which is located in the tread surface of the wheel along the radial direction
(towards the center of the circle) in the area of a certain thickness. It is in direct contact with the
railway track and bears the pressure and friction when the train is running. The quality of the rim
determines the quality of the wheel to a large extent, because the rim mass accounts for a larger
proportion of the wheel mass. Its hardness and wear resistance directly affect the service life of the
wheel. High-speed railway wheels are usually made of high-strength and high-toughness alloy steel
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material, which can withstand the huge pressure and friction when the train is running at high speed.
In order to improve the hardness of the rim to increase its service life, the tread of the wheel will be
quenched. However, the characteristics of the hardening process limit the depth of hardening, and
the thicker the rim, the lower the internal hardness is likely to be. The thickness of the rim needs to
be designed taking into account the service life, the weight of the wheel and the difference in
diameters between old and new wheels. The thicker the rim, the greater the effective wear thickness,
the longer the service life of the wheel theoretically, but at the same time it will also increase the
weight of the wheel, and have an impact on the vertical movement of the wheel and rail force. China's
railway wheel judgement is mainly based on the remaining thickness of the rim. When the remaining
thickness of the rim is less than or equal to 23 mm, the wheel needs to be scrapped.

2.2. Material Composition

The chemical composition of the high-speed train wheel steel, as listed in Table 1, indicates a
well-balanced low-alloy medium-carbon design tailored for enhanced fatigue and wear resistance.
The measured carbon content is 0.54 wt.%, slightly below the upper limit (< 0.56 wt.%), contributing
to adequate hardness and strength required for high-cycle loading while maintaining acceptable
toughness. Silicon and manganese levels, at 0.30 wt.% and 0.75 wt.% respectively, are within the
specified range, supporting solid solution strengthening and deoxidation during processing. The low
phosphorus (0.013 wt.%) and sulfur (0.007 wt.%) contents reflect effective control of impurity
elements, which is critical for minimizing embrittlement and improving the fatigue performance,
especially under VHCF regimes.

Table 1. Chemical compositions (in weight percent) for a high-speed train wheel.

C Si Mn P S Cr Cu Ni Mo V  Cr+Ni+Mo
Required | <0.56 <040 <0.80 <0.02 <0.015 <030 <030 <030 <008 <0.06 <0.50
Measured| 054 030 0.75 0.013 0.007 018 020 010 0.04 0.003 0.32

Notably, the cumulative content of Cr, Ni, and Mo amounts to 0.32 wt.%, significantly below the
upper limit of 0.50 wt.%, suggesting a moderate alloying strategy. This combination enhances
hardenability and tempering resistance without significantly increasing the risk of internal inclusions
or cost. The presence of Cr (0.18 wt.%) and Mo (0.04 wt.%) improves the steel’s resistance to softening
during thermal cycling and contributes to secondary hardening, which is advantageous in fatigue-
dominated applications. The trace amount of vanadium (0.003 wt.%) may support grain refinement
and precipitation strengthening, although its low level suggests a minimal effect.

Overall, the composition reflects a carefully optimized design to balance strength, toughness,
and fatigue resistance, making it suitable for the demanding service conditions of high-speed railway
applications.

2.3. Manufacturing and Sampling

The high-speed train wheelset, as illustrated in Figure 1a, consists of a forged axle, two wheels,
and associated components such as the tread, flange, rim, and web. The wheel itself is a monoblock
forged steel component, designed to withstand dynamic service loads, rolling contact stresses, and
severe environmental conditions. The manufacturing process typically involves vacuum degassing,
hot forging, followed by controlled cooling and heat treatment processes (e.g., quenching and
tempering), which are critical for achieving the desired combination of strength, toughness, and
fatigue resistance.

To evaluate the mechanical properties and microstructural uniformity of the wheel, material
sampling was conducted at two critical regions, as shown in Figure 1b. These include the web region
and the rim region, which are subjected to different stress states during service. The rim, particularly
the tread and flange area, is exposed to cyclic rolling contact and wear, making it the most fatigue-
critical zone. A cross-sectional schematic indicates that rim samples were taken 15 mm below the
tread surface and from a location near the inner surface of the flange. In contrast, web samples were
extracted near the central axis of the wheel plate. These locations were strategically selected to assess
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variations in microstructure and mechanical response due to the wheel’s geometry, thermal gradients
during manufacturing, and in-service stress distributions.
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Figure 1. Schematic diagrams of (a) high-speed train wheelset, and (b) sampling (unit: mm).

3. Microstructure Characterizations
3.1. Texture Observations

The cross-sectional microstructure perpendicular to the wheel’s radial direction was examined
optically under different magnifications and locations. Figure 2a at a low magnification, i.e. 500 pm
scale, shows a rolling-induced elongated grain structure, suggesting a preferred crystallographic
orientation marked by the red arrow. This texture is typical of steels or ferritic-pearlitic alloys
subjected to hot or cold rolling, where grain elongation aligns along the rolling direction. Upon
cooling, austenite transformed into ferrite and pearlite. Pearlite formation likely initiated along
austenite grain boundaries, which can be identified more clearly in Figures 2b—d. Figures 2b-d give
higher magnification images, i.e. 200-50 pm scale, showing ferrite (a-Fe) and pearlite colonies
marked by the yellow arrows. Ferrite appears as equiaxed light-grey regions, whereas pearlite
appears as darker, lamellar regions formed by eutectoid decomposition of austenite.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Metallographs of cross-sectional microstructure perpendicular to the wheel’s radial direction under
varying magnifications and locations.

This observation results from a transformation from austenite into ferrite and pearlite during
cooling when pearlite formation initiated along austenite grain boundaries. The dominant ferrite-
pearlite structure offers a balance between strength and ductility, ideally suitable for structural
applications, specially manufacturing high-speed train wheels. Pearlite, with its lamellar cementite
and ferrite, is harder and tends to concentrate stress, making it a preferential site for fatigue crack
initiation, especially under high-cycle fatigue conditions. The interfaces between ferrite and pearlite
can be taken as mechanical heterogeneities, which localize microplastic strain and promote slip
incompatibility leading to persistent slip bands (PSBs) initiation that evolves into microcracks. Due
to probable insufficient secondary refining, inclusions marked by the blue arrows are present in
various locations and may represent oxides, sulfides, or non-metallic particles introduced during
solidification. They serve as stress concentrators, potentially reducing fatigue resistance and ductility.
Crack initiation often begins at the inclusion-matrix interface, especially under rotating bending or
axial fatigue conditions, which is exactly the case concerned about in this paper.

3.2. Optical Light Microscopy

Figure 3 shows the metallographs of wheel rim perpendicular to the wheel’s axis under different
magnifications and locations. Figure 3a-b both give a general pattern of fine-grained and equiaxed
texture under low magnifications. The bright areas are pearlite colonies, and the dark area is ferrite
contrarily, which can be seen more clearly in Figures 3c—d. No elongated grains or textures are
apparent, indicating equiaxed grains. This can be also confirmed by Figure 4, which shows the
metallographs of wheel rim parallel to the wheel’s axis under different magnifications and locations.
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Figure 3. Metallographs of wheel rim perpendicular to the wheel’s axis under varying magnifications and
locations.

Similarly, in Figure 4, the characteristics of equiaxed grains can be identified even more clearly.
The refined ferrite—pearlite microstructure showing a uniform phase distribution suggests effective
control of thermo-mechanical processing, which usually achieves a favorable combination of strength
and ductility and isotropic mechanical behavior. This is typically used in manufacturing high-speed
rail wheel rims, which can prevent the formation of bainite or martensite, ensuring ductility is
preserved while maintaining adequate hardness. From a fatigue perspective, such a dual-phase
structure enhances crack initiation resistance due to ferrite's plastic accommodation and retards
propagation through tortuous ferrite—pearlite interfaces, making it well-suited for high-cycle rolling
contact fatigue conditions in high-speed rail wheel rims. Rolling contact fatigue from train-rail
interaction is the most important part needed to be concerned about even though thermal fatigue and
cyclic bending and tension/compression also contribute a lot to the failure. Since no obvious defects
or inclusions can be identified in the figures, crack initiation likely occurs at ferrite—pearlite interfaces
due to mismatch in hardness. Furtherly, crack propagation occurs more easily through pearlite
regions, particularly if lamellae are coarse or misaligned with load direction.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Metallographs of wheel rim parallel to the wheel’s axis under varying magnifications and locations.

3.3. Scanning Electron Microscopy

Figures 5-6 give a much clearer picture of the microstructure with the help of SEM. Figure 5
shows the SEM images of wheel rim perpendicular to the wheel’s axis under different magnifications
and locations. Similarly, Figure 6 shows the SEM images of wheel rim parallel to the wheel’s axis
under different magnifications and locations. Both Figures 5a and 6a show a ferrite—pearlite matrix
with clearly defined pearlite colonies. The colony boundaries are visible, and their size appears
relatively small and uniformly distributed, indicating controlled cooling and fine transformation
structures. Inclusions, marked in blue, can be identified more clearly in Figure 6a. Some
discontinuities are visible in Figure 5b, which potentially compromises the mechanical performance.
The inclusions show elongation or alignment, indicating they may have been stretched during hot
rolling, which aligns with the wheel’s axial direction. In Figure 5c and 6¢, a well-developed lamellar
pearlite structure is evident, with alternating ferrite (dark area) and cementite (bright area) lamellae.
The morphology of pearlite colonies and cementite alignment indicates that the steel underwent
eutectoid transformation from austenite during controlled air cooling or normalizing. The inclusion
can be clearly identified in both the figures, which creates a stress concentration site and probably
becomes an origin for crack initiation during service. Figure 5d and 6d are taken under a high
magnification, i.e. 1 um scale. The bonelike pearlite lamella appears uniform, parallel, and closely
spaced, which is favorable for mechanical performance. Narrow interlamellar spacing enhances
strength and fatigue resistance but may compromise ductility under low-cycle fatigue. In Figure 6d,
narrower interlamellar spacing is visible due to a different structure orientation, compared with
Figure 5d. The ferrite—pearlite interface introduces mechanical heterogeneity, potentially leading to
persistent slip band formation and early crack nucleation. The longitudinal (axial) orientation of
pearlite lamellae increases anisotropy in fatigue resistance. Thus, fatigue cracks may grow faster
parallel to lamella but are deflected or blunted by lamella interfaces when they propagate
perpendicularly.
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Figure 5. SEM images of wheel rim perpendicular to the wheel’s axis under varying magnifications and
locations.
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Figure 6. SEM images of wheel rim parallel to the wheel’s axis under varying magnifications and locations.

4. Mechanical Behavior Analyses
4.1. Microhardness

025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Microhardness (in HBW) distributions on different longitudinal sections of a wheel rim.

o
263

Based on Figure 7, which presents the Brinell hardness (HBW) distributions across different
longitudinal sections of a wheel rim, both the mechanical consistency and process-induced variation
of the wheel rim material can be analyzed, which is critical for understanding its performance in
service, especially under fatigue loading, rolling contact, and thermal cycling. The hardness
distribution reflects a ferrite—pearlite microstructure, as confirmed in previous figures. Higher
hardness zones (outer rim) are most likely dominated by fine pearlite with narrow lamellar spacing
and beneficial for wear resistance and rolling contact fatigue resistance. Lower hardness zones (inner
rim) have higher ferrite fraction with larger grain sizes. This part provides ductility and toughness,
improving resistance to impact and thermal fatigue. Both higher hardness zones and lower hardness
zones play important roles in enhancing damage tolerance. Hard outer layers resist wear and surface
fatigue and softer core absorbs plastic deformation and retards crack propagation.

Each subfigure of Figure 7 represents a different longitudinal section of the wheel rim. The
measured hardness values range from approximately 245 HBW to 291 HBW. A general trend can be
concluded on all the sections: the outer rim surface (tread region) consistently exhibits higher
hardness (~278-291 HBW), while the inner regions (closer to the hub or web) show slightly lower
hardness (~245-260 HBW). Figure 7a shows a smooth gradient, suggesting uniform cooling and
transformation with no abrupt transitions. In Figure 7b, hardness is slightly higher overall than in
Figure 7a, especially in the outer shoulder and central rim zone, indicating more efficient cooling in
this section. Figure 7c reveals slightly lower hardness at the base (~251-254 HBW) compared to other
sections, which might pose concern for contact fatigue or bending stresses. Figure 7d gives the highest
average hardness across all zones (~275-291 HBW). This section likely has the best fatigue and wear
resistance but may also be more brittle if pearlite is dominant and not tempered.

4.2. Tensile Properties

For the wheel rim, the measured tensile strength is 929 MPa, well within the required range of
860-980 MPa. The measured yield strength goes to 602 MPa, comfortably above the required 540 MPa.
The measured elongation after fracture is 17.0%, also exceeding the 13% threshold, indicating
excellent ductility. The reduction of area comes to 46%, suggesting strong plastic deformability and
damage tolerance. Good elongation and area reduction confirm the presence of ductile ferrite regions
and low inclusion content, despite some alignment in inclusions seen in SEM. Similarly, for the wheel
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web, the measured tensile strength, 779 MPa, also falls within the acceptable range of 740-860 MPa.
The measured elongation, 21.0%, exceeds the 16% threshold and the reduction of area is 42%. We can
see that the web is not subject to direct wheel-rail contact, so it prioritizes toughness and ductility
over strength. The wheel rim demonstrates high strength and fatigue resistance due to its fine
pearlitic microstructure, while the wheel web has relatively lower strength, as this region is designed
to absorb shock and flex under service loads. This complementary mechanical behavior is crucial for
ensuring long-term safety and durability of high-speed rail wheels under severe operational
environments.

Table 2. Tensile properties of specimens extracted from the wheel’s rim and web.

The wheel rim The wheel web
Ou Oy Ot Pt Ou Ot P
Required 860 ~ 980 MPa > 540 MPa >13% - 740 ~ 860 MPa >16% -
Measured 929 MPa 602 MPa 17.0% 46% 779 MPa 21.0% 42%

4.3. Rotating Bending Method

Forcing
method using
dead weights.

Figure 8. Schematic diagram of the four-point rotating bending fatigue testing machine.
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Figure 9. llustration of fatigue specimen clamping and its stress distribution.

In our tests, a four-point rotating bending fatigue testing method was applied. This method is
ideal for wheel rim fatigue assessment under service-simulated conditions. Figure 8 shows a
schematic diagram of a four-point rotating bending fatigue testing machine, which is a standard
apparatus used to evaluate the fatigue strength and life of materials under controlled bending
conditions. Driven by a motor, the cylindrical specimen rotates about its longitudinal axis at a
constant speed. Two equal downward forces (F/2) are applied via loading points at a known distance
apart. The force is applied by hanging calibrated dead weights, ensuring constant-magnitude cyclic
loading. Because the specimen rotates while the load direction remains fixed, each point on the
specimen’s surface experiences tensile and compressive stresses in alternating fashion, producing
fully reversed cyclic bending (the stress ration R = -1) — ideal for high-cycle fatigue characterization.
The test induces a rotating bending moment, generating a sinusoidal stress waveform in time. The
surface of the specimen is the most highly stressed region, making it the most likely crack initiation
site. This setup ensures uniform stress distribution, controlled crack initiation location, and accurate
fatigue life measurement, which is directly relevant for assessing material anisotropy, microstructural
effects, and hardness gradients—as seen in prior analyses.

Figure 9 presents a detailed schematic of a fatigue specimen clamping configuration and the
resulting stress distribution—typically used in rotating bending fatigue tests, such as those shown in
Figure 8. This type of specimen geometry and fixture is designed to ensure precise loading, controlled
stress localization, and reliable fatigue failure initiation. The hourglass-shaped specimen has a
reduced diameter at the central gauge section, creating a well-defined stress concentration zone,
which ensures fatigue cracks initiate and propagate in a predictable location, maximizing result
consistency and minimizing scatter in fatigue life data. Away from transition zones, the stress field
in the gauge section is effectively uniaxial and bending-dominated, ideal for fatigue S-N curve
generation. Thus, it facilitates reliable fatigue life measurement in components like high-speed train
wheels.

4.4. Low-Cycle and High-Cycle Fatigue
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Figure 10. S-N data of two batch specimens represented in different colors: (a) overall, (b) enlarged.

Figure 10 presents the S-N data for two batches of specimens tested under rotating bending
fatigue conditions. From Figure 10a, the global fatigue behavior of the two batch specimens can be
characterized and compared. In 10* and 10¢ cycle regime, failure is observed under stress amplitudes
ranging from ~400-470 MPa. It generally shows the classical S-N downward trend, which is
compatible with the results in other relevant research and papers. At or below ~430 MPa, multiple
specimens reached over 107 cycles without failure, indicating a fatigue endurance limit in this
material. The runout plateau suggests a safe stress amplitude threshold for infinite life design. The
two batches (red vs. blue) largely overlap but slight scatter is observed, likely due to microstructural
variations (grain size, inclusion content, and stuff) or minor processing differences. Figure 10b shows
a clearer picture of the S-N data by adjusting the display ranges of the coordinate axes. Red and blue
hollow dots show tighter clustering in the ~460-480 MPa range with failure occurring between 5x10*
and 5x10° cycles. Fatigue scatter is more pronounced as stress decreases. At ~425 MPa, most
specimens fail around 10° cycles, while one survives 107 cycles. At or below ~400 MPa, most
specimens survive 107 cycles. This highlights the transition zone near the fatigue limit, where small
differences in surface condition, inclusions, or microstructure significantly affect fatigue life. These
results are compatible with the data in Table 2. The fatigue limit can be estimated at around a half of
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the tensile strength by considering the materials of both the wheel rim and the wheel web, which is
typical for ferrite—pearlite steels. Inclusions seen in SEM are likely responsible for failures in the ~425-
460 MPa range.

4.5. Estimating Fatigue Limit by Staircases
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Figure 11. Loading results obtained by the staircase method, with different colors representing different batches
(a) and (b).

Figure 11 presents fatigue testing results obtained using the staircase method, also called up-
and-down method, a statistical technique used to estimate the fatigue limit of a material. This method
usually incrementally increases or decreases stress based on the previous specimen’s outcome. If a
specimen fails, the next one is tested at a lower stress level. If a specimen survives (runout), the next
one is tested at a higher stress level. This creates a “stair-step” pattern from which the mean fatigue
limit and standard deviation can be statistically estimated. The method and presentation offer insight
into statistical fatigue strength at a fixed life level, commonly around 10¢ or 107 cycles. Figure 11a
shows the red batch with the stress range of ~380-430 MPa. Repeated failures occur between 420-430
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MPa. Runouts mostly occur around 400 MPa. The transition zone between runout and failure is ~410-
420 MPa. Thus, the fatigue limit for this batch can be estimated as ~410-415 MPa. For the blue batch,
following the same steps, the stress ranges from 380 MPa to 440 MPa. Clear alternation between
failure and runout are near ~400-420 MPa, indicating the threshold zone. Failure cluster goes near
~430-440 MPa. Runouts occur between ~390-410 MPa. So, the estimated fatigue limit for this blue
batch is ~410-420 MPa, consistent with the red batch.

The consistent fatigue limit across batches validates the reliability of processing and
microstructural control. This fatigue limit can be used as the design allowable stress amplitude for
wheel rim materials under infinite-life (very-high-cycle) loading conditions. The result confirms that
below ~410 MPa, the material can safely survive 107 cycles without failure—critical for long-life
applications such as high-speed train wheels.

5. Conclusions

This study systematically investigates the microstructure and mechanical properties of high-
speed train wheel rims and webs, revealing critical insights into their performance under complex
service conditions. The rim, subjected to surface quenching, exhibits a fine-grained, equiaxed ferrite-
pearlite microstructure with high hardness (245-291 HBW) and tensile strength (929 MPa), ensuring
excellent resistance to rolling contact fatigue and wear. Its nearly isotropic behavior under rotating
bending fatigue, with a fatigue limit of ~410-420 MPa, highlights the effectiveness of heat treatment
in balancing strength and ductility. In contrast, the web retains a forged texture with elongated
grains, lower strength (779 MPa), and higher ductility (21% elongation), making it suitable for
absorbing dynamic loads and resisting crack propagation. However, its pronounced texture and
potential for inclusion-induced stress concentrations indicate room for improvement through
tailored heat treatments to optimize mechanical homogeneity.

Microstructural analyses confirm that ferrite-pearlite interfaces and non-metallic inclusions are
primary sites for fatigue crack initiation, particularly in high-cycle regimes. The dual-phase structure
of the rim enhances crack propagation resistance via tortuous interfaces, while the web’s ductility
mitigates risks from bending stresses. These findings underscore the importance of gradient material
design in wheel engineering, where the rim prioritizes surface durability and the web emphasizes
structural flexibility. Overall, this research provides a foundational framework for enhancing wheel
reliability through microstructural control and targeted heat treatments, supporting the safety and
longevity of high-speed rail systems.
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