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In this paper, a wheel steel, with a relatively low tensile strength and a distinct yield strength, is systematically
investigated for high-cycle and very-high-cycle fatigue (failure life N > 107 cycles) under rotating bending (RB,
52.5 Hz) and ultrasonic axial cycling (UAC, ~ 20 kHz) with stress ratios R = -1 and 0.3. This work provides the
first systematic evaluation of a medium-strength wheel steel commonly used in railway applications. All cracks
initiated from the specimen surface and failures were limited to the HCF regime in RB tests while UAC tests
revealed sulfide-induced failures, occurring both at the surface and in the interior, and extending into the VHCF
regime. Microstructural analysis demonstrated nanograin formation and refinement near inclusions under R =
-1, and partial cementite dissolution under R = 0.3, indicating stress-ratio-dependent initiation mechanisms.
Furthermore, the fatigue limit followed a Gerber-type relation constrained by yield strength, and a probability-
based failure map was established to quantify the occurrence of different failure modes. These findings extend
the current understanding of VHCF beyond martensitic steels, clarify the role of elongated sulfides in wheel
steels, and provide engineering insight into the fatigue reliability of railway wheels.

1. Introduction

It is well known that very-high-cycle fatigue [1-6] (VHCEF, failure life
Nt > 107 cycles) can occur in high-strength materials [7-111, in which
specimen surface dominates low-cycle and high-cycle fatigue (HCF),
whereas specimen subsurface or interior usually dominates VHCEF.
Among typical high-strength materials, age-hardenable nickel-based
superalloys (e.g. IN718 [12]) or high-carbon steels (e.g. GCr15 [13]) can
readily achieve an ultimate tensile strength (UTS) ¢, > 1 GPa through
solution/aging or quenching/tempering, respectively, to form
strengthened microstructure (e.g. tempered martensite), with no yield
plateau observed.
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In 1983 and 1984, Naito et al. [14,15] performed carburizing on a
low-carbon steel (SCM 415: 0.16C by weight percent), followed by oil-
quenching and low-temperature tempering at 180°C. The hardness of
the carburized layer reaches approximately 750 HV. Through rotating
bending (RB) fatigue tests, S-N data ranging from 10 to 108 cycles were
obtained. The fitted Wohler curve [16,17] is step-shaped with two knee
points: one is at approximately 10° cycles, and the other is at about 5 x
10° cycles, with an approximately horizontal segment between them.
They reported the specimens continued to fail over 107 cycles, i.e. VHCF
for the first time in carbon steels. When the carburized layer is removed
via electrolytic polishing, the fatigue strength improves significantly,
and failures can occur under both HCF and VHCF conditions. For failed
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Fig. 1. Flowchart of fatigue testing and microstructural characterization for the wheel.

specimens of N > 10° cycles, the fracture surface frequently exhibits a
“fish eye (FiE)” morphology originating from nonmetallic inclusions at
specimen interior.

After over 40 years of research on VHCF [18-23], it has now been
basically clarified that for high-strength steels with tempered martens-
ites, of which ¢, > 1.5 GPa, whether under RB loading or other axial
tension—compression types (all corresponding to a stress ratio R = -1),
the distribution of their S-N data presents a similar stepwise or duplex
shape. The first slope corresponds to low-cycle and HCF induced by
surface crack initiation, while the second slope corresponds to high-
cycle and VHCF induced by subsurface or internal FiE fracture.

Fatigue testing [24] is time-consuming and labor-intensive, espe-
cially for VHCF. Due to the advantage of loading frequency, ultrasonic
axial cycling (UAC) had been widely adopted by VHCF researchers
[21,25]. However, this will inevitably raise a question [13,26-30]: what
impact does such a high loading frequency itself exert — specifically,
ultrasonic frequencies around 20 kHz versus conventional ones on the
order of below 100 Hz — on HCF and VHCF behavior?

In VHCF regime, crack initiation and early growth predominantly
accounts for over 90 % of the total fatigue life [22,31,32]. For high-
strength steels, the fracture surfaces of specimens failed by VHCF
loading exhibit a characteristic region of crack initiation, which appears
as an “optical dark area (ODA, [18])” under optical microscopy (OM)
and a “fine granular area (FGA, [19])” under scanning electron micro-
scopy (SEM). By using focused ion beam (FIB), transmission electron
microscopy (TEM) and other advanced characterization techniques,
many investigators [33-43] have identified the microstructure under-
neath the fracture surface of crack initiation region in various metallic
materials endured VHCF loading. It has been consistently confirmed that
under a negative stress ratio of R = -1, there exist phenomena of
microstructure refinement and nanograin formation. Recently, Hong
et al. [34] identified that in high-strength steels, this phenomenon cor-
relates with the stress ratio and fatigue life: as the stress ratio increases
or the fatigue life decreases, the fine granules gradually become indis-
tinct and even vanish entirely, whereas microstructure refinement
weakens and the original coarse grains remain intact.

Note that the term “high-strength” remains notably ambiguous. Even
for high-strength steels [44-48], the critical tensile properties often

fluctuate within a very wide range, such as the UTS o, yield strength oy
or 0.2 % proof stress cp 2 (engineering stress at a residual engineering
strain of 0.2 %). Conventionally, high-strength steel is defined differ-
ently across various industries [49]: in the automotive sector, steel with
a yield strength 6y or cg2 of 270-550 MPa is classified as “high-
strength”, while that with a yield strength exceeding 550 MPa is
designated as ultra-high-strength steel; in construction and bridge en-
gineering, high-strength steel is typically defined by ¢, > 490 MPa; and
in the aerospace field, the threshold for high-strength steel may be
elevated to a yield strength of > 800 MPa. However, high-strength steels
[13,19,20,27,31,33-35,49] - traditionally recognized as exhibiting
VHCF characteristics — typically require the UTS values exceeding 1.5
GPa, and in some cases even reaching 1.7 GPa [13]. Their strengthened
structure is all tempered martensite. This has resulted in an obvious
strength gap between these two categories of so-called “high-strength
steels”, and the wheel steel studied in this paper falls exactly within this
range.

Due to the complex service environment, railway or high-speed rail
track steels [50-53] demand materials with adequate strength and
toughness; therefore, bainite/martensite dual phases or a standalone
bainitic structure are commonly employed. Bainitic steel has slightly
lower strength than tempered martensite. To prioritize the protection of
railway tracks, the interacting wheels are designed to have even lower
strength, with the contact surface of their outermost tread maintaining a
tensile limit of less than 1 GPa and a Vickers hardness in the range of
280-290 [52,54]. Thus, the carbon content (0.5 ~ 0.8 % by weight) of
wheel steel places it between medium-carbon and high-carbon steels,
and it is generally heat-treated to form a microstructure consisting of
pearlite [54-57] or bainite [58,59].

To date, while there have been some studies on the VHCF of carbon
steels [39,55,56] and alloy steels [36,37,60] with a UTS of around 1
GPa, the number of such studies remains far from sufficient. Specifically,
structural steels with moderate strength, especially those with ferri-
te-pearlite microstructures, have received much less attention despite
their widespread use in engineering applications. Railway wheel steels,
in particular, experience complex cyclic loading and service lives
exceeding 10%-10° cycles, making VHCF behavior highly relevant to
their safety and durability. However, existing VHCF studies on wheel



H. Su et al International Journal of Fatigue 204 (2026) 109389

a b—>
( ) (b) Wheel flange
b—>]
Wheel tread
o
Sampling locations B £
£ 15 s
I I e S . .E
: [ :
- Sampling locations 2
i z
s g
5 E
=
c {

Fig. 2. Schematic presentation of the sampling locations from the wheel: (a) front view, (b) local enlarged view of the radial section at position b in (a).
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Fig. 3. Specimen geometries (dimension in mm) for quasi-static tension (a), ultrasonic cycling (b), and rotating bending (c).
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Fig. 4. Optical micrographs of latitudinal (a) and longitudinal (b) sections using optical microscopy and scanning electron microscopy at medium (c) and high (d)

magnifications.

steels remain limited, and the mechanisms governing fatigue failure
under different loading types and stress ratios are not yet clearly
understood.

To address this gap, the present study systematically investigates the
fatigue behavior of a ferrite-pearlite medium-strength wheel steel (o, ~
0.9 GPa) under rotating bending (RB, 52.5 Hz) and ultrasonic axial
cycling (UAC, ~20 kHz) at stress ratios of R = -1 and 0.3. The combined
use of micro/nano sampling and multi-scale microscopy techniques
enabled direct observation of sulfide-governed crack initiation and
stress-ratio-dependent microstructural evolution. Furthermore, the
study establishes a probability-based framework to describe the failure
distribution under different loading types and ratios. By doing so, it
broadens current VHCF knowledge — traditionally centered on
martensitic steels — and provides new insights into how inclusions,
loading type, and mean stress jointly control the long-term durability of
wheel steels. The present study therefore represents a step toward
bridging the gap between laboratory fatigue testing and real-world
wheel performance assessment.

2. Material and methods
2.1. Research approaches

For the purpose, as shown in Fig. 1, we outline the methodological
process of fatigue testing and microstructural analysis for the wheel.

First, tensile and fatigue specimens were sampled from the wheel
rim, perpendicular to its inner/outer plane. Second, the original rim
microstructure was carefully examined by using OM and SEM. Third,
tensile properties were obtained and fatigue tests were conducted over
the range of 10% to 10° cycles under three different loading conditions:
(1) RB, 52.5 Hz, R = -1; (2) UAC, ~ 20 kHz, R = -1; (3) UAC, ~ 20 kHz,
R = 0.3. Fourth, S-N data and their fitted curves were plotted. Fifth,
Haigh-type diagrams were employed to describe the effect of tensile
mean stress under approximate infinite fatigue life. Sixth, detailed fail-
ure analysis was conducted on fatigue fracture surfaces under three
loading conditions using SEM. Seventh, FIB sample preparations and

TEM characterizations were performed on the crack initiation regions of
typical VHCF specimens failed under UAC loading with different stress
ratios, aiming to determine their microstructural characteristics.

Based on the results, we reveal fatigue characteristics of crack
initiation and early growth from low-cycle to very-high-cycle regimes,
discuss the effects of loading type and stress ratio, and finally evaluate
the failure probability distribution.

2.2. Material and sampling

The material investigated is a high-carbon steel (CL60), defined as
such according to a Chinese industry standard [61], with relatively
lower carbon content (hypoeutectoid) and commonly used in high-speed
railway applications. The chemical composition, as provided by the
manufacturer (Taiyuan Heavy Machinery Group Co., Ltd., Taiyuan,
Shanxi, China), is as follows (in weight percentage): 0.61C, 0.27Si, 0.65
Mn, <0.035 S, <0.035P, <0.25 Cr, <0.25 Ni, <0.25 Cu, with the balance
being Fe. The railway wheel was shaped through hot forging to form the
wheel blank and refine its grain structure, followed by tread surface
quenching — typically via induction heating — to boost tread hardness
and wear resistance, with a subsequent tempering step to alleviate re-
sidual stresses.

Sampling was conducted on a forged wheel segment extracted from
the service stock. As shown in Fig. 2, the round bar used for specimen
preparation was sampled 15 mm radially inward from the tread surface,
with its axis perpendicular to both the inner and outer planes of the
wheel rim. The extraction was performed along the wheel axis direction
to retain the rolling and forging textures, and to capture the represen-
tative microstructural and residual stress states associated with wheel
rim service conditions. The wheel rim location was specifically selected
because it is one of the critical fatigue-sensitive regions in service due to
the alternating bending and compressive contact stresses during wheel-
rail interaction.
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Fig. 5. Tensile curves of two specimens under monotonic quasi-static loading in ambient air at room temperature.

2.3. Specimens and testing

Three types of specimens were prepared to characterize the me-
chanical properties and fatigue behavior of the wheel rim under
different loading types and stress ratios. Their geometries and di-
mensions are shown in Fig. 3.

In accordance with ASTM ES8 standards [62], the monotonic tensile
specimens (Fig. 3a) were machined to have a standard cylindrical ge-
ometry, with a shoulder diameter of 16 mm, gauge diameter of 6 mm,
and gauge length of 40 mm. These tests were conducted using a servo-
hydraulic testing machine (MTS Landmark 858, MTS Systems Corpo-
ration, Eden Prairie, MN, USA) under displacement control at a constant
strain rate of 1 x 107> s™. Tests were performed at room temperature in
ambient air, and extensometers were used to monitor the gauge section
strain. Tensile tests were conducted primarily to determine the mate-
rial’s yield strength, UTS, and uniform elongation, which serve as
reference properties for interpreting fatigue performance.

UAC fatigue specimens (Fig. 3b) featured an hourglass-shaped
design, optimized for resonance at 20 + 0.5 kHz, as reported in Refs.
[21,22]. These specimens were employed for VHCF tests under axial
loading conditions at stress ratios R = -1 and 0.3. Tests were carried out
on an ultrasonic fatigue testing system (GF20-KT, LASUR, Asniéres-sur-
Seine, France), where sinusoidal excitation was applied via a piezo-
electric actuator. Displacement amplitude was calibrated using strain
gauges, and an active air-cooling system was used to ensure that spec-
imen surface temperatures did not rise excessively during testing. For
each test, failure was defined as the specimen’s frequency decreasing
sufficiently or fast enough to cause the device to stop resonating, while
run-outs were defined as specimens surviving beyond 10° cycles without
visible cracks. To evaluate mean stress effects, a separate set of speci-
mens was tested at R = 0.3 by introducing a tensile static preload
combined with UAC.

RB fatigue specimens (Fig. 3c) had a double-notch profile with a
minimum diameter of 3.5 mm and a fillet radius of 7 mm, designed to
further concentrate stress at the specimen surface, with a stress con-
centration factor of 1.07, as obtained from Ref. [63]. These tests were
conducted at 52.5 Hz using a dual-spindle RB fatigue machine (GIGA-
QUAD YRB200, YAMAMOTO, Osaka, Japan) under fully reversed

loading conditions (R = -1). Each specimen was carefully balanced prior
to testing to avoid dynamic misalignment and spurious vibrations.

2.4. Microscopy procedures

Before the sampling round bars described in § 2.1 were processed
into the specimens in § 2.2, in accordance with Chinese standards [64],
we cut them to prepare metallographic and microstructure observation
specimens.

Since the wheel steel is a hypoeutectoid steel, a two-step etching
sequence was employed to optimize phase contrast and reveal the
morphologies of both ferrite and pearlite for samples observed under
OM (Figs. 4a and b) using a Zeiss Axiovert 200 MAT (Carl Zeiss Micro-
scopy GmbH, Jena, Germany). First, a 2 % Nital solution (2 vol% nitric
acid in ethanol) was used to delineate the general microstructural
framework, followed by LePera reagent, composed of picric acid and
sodium metabisulfite in ethanol, which selectively stains ferrite and
pearlite in contrasting tones. This combined approach enabled clear
identification of equiaxed domains/grains and phase boundaries in both
transverse and longitudinal sections, confirming the uniformity of the
ferrite-pearlite matrix. In the OM images, the bright white areas corre-
spond to ferrite domains, while the dark gray areas correspond to
pearlite domains. Overall, the pearlite domains are equiaxed, whereas
the ferrite domains exhibit irregular elongated shapes. No significant
banding or textural anisotropy was observed, and microstructures ori-
ented either perpendicular or parallel to the specimen axis showed no
appreciable difference.

SEM manifests distinct contrast and higher spatial resolution
compared to OM, traits particularly pronounced in field-emission SEM
(FESEM). Leveraging these traits, we carried out more detailed obser-
vations on the microstructure of the wheel rim using a Zeiss Merlin
FESEM (Carl Zeiss Microscopy GmbH, Jena, Germany). Fig. 4c shows the
morphology of inclusions in the pearlite matrix. Our previous work [55]
has confirmed that these inclusions are sulfides, which is consistent with
descriptions in the literature [39,65,66]. Unlike oxides, sulfide in-
clusions are inherently soft, and thus tend to be deformed and elongated
along with the matrix material during forging, exhibiting irregular
elongated clusters. Fig. 4d shows the morphology and distribution
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Fig. 6. S-N data and curves of different specimens under various loading conditions.

characteristics of pearlite and ferrite in the wheel rim, which is consis-
tent with the OM results. No ferritic grains or their grain boundaries
were observed. In literature [55], we statistically analyzed the grain size
of wheel rim using electron backscatter diffraction (EBSD), showing that
the size of the pearlite domains is in the range of 17 + 6.2 pm, while the
size of the ferrite domains is much smaller.

For the ultrasonic fatigue tests, some of the failed specimens had
completely fractured, while others remained partially connected. To
handle this, we used a tensile testing machine to fully fracture all
specimens with visible cracks after UAC loading. For the RB fatigue tests,
all failed specimens had completely fractured. In the case of these
specimens, we carefully observed their fracture morphologies under a
tungsten filament SEM (JEOL JSM-IT300, JEOL Ltd., Tokyo, Japan),
selected locations near crack initiation sites on the fracture surfaces to
prepare TEM samples using a FIB/SEM dual beam system, FEI Helios
Nanolab 600i, and characterized them using two TEMs: FEI Tecnai G2
F20 and FEI Talos F200X. Note that the latter three instruments were all
manufactured by FEI Company (Hillsboro, OR, USA), which has now
been acquired by Thermo Fisher Scientific (Waltham, MA, USA).

3. Results and discussion
3.1. Tensile properties

Quasi-static tensile tests were conducted on the specimens at room
temperature in ambient air to establish the reference mechanical prop-
erties of the wheel rim. The engineering stress—strain curves derived
from these tests are presented in Fig. 5, with each curve corresponding to
a specimen.

This wheel steel features a distinct yield plateau at 6y = 569 MPa, a
necking point at 6, = 901 MPa, and a uniform elongation of 6, = 9.0 %,
accompanied by stable work hardening and considerable ductility until
final fracture. After necking, i.e. when the specimen enters the post-
uniform deformation stage [67], the tensile plasticity exhibits a
certain degree of dispersion, with the elongation after fracture ¢ being
10.7 % and 14.0 % respectively.

In contrast to traditional high-strength high-carbon steels, which
have a martensitic microstructure and are regarded as having typical
VHCF behavior [13,27,31], the wheel steel investigated in this paper
demonstrates tensile properties analogous to those of low-carbon or
medium-carbon steels. It has a distinct yield plateau, which is a typical
characteristic of ferritic or pearlitic steels.

3.2. S-N data and Haigh diagrams

Fatigue tests were conducted under two distinct loading types —
rotating bending (RB) and ultrasonic axial cycling (UAC) — to evaluate
the fatigue performance of the wheel steel across a wide range of life
regimes under three conditions: (1) RB loading from 10° to beyond 108
cycles for 29 tests, UAC loading from 3 x 10* to beyond 10° cycles for
stress ratios of (2) R = — 1 with 24 tests and (3) R = 0.3 with 31 tests.
The corresponding S-N data and curves are shown in Fig. 6 in terms of
maximum stress (omax) versus fatigue life (Ny, failure or runout), while
Fig. 7 presents Haigh-type diagrams [68] in terms of both stress
amplitude versus mean stress (6, — o,) and maximum stress versus mean
stress (6max — om) for the “infinite” fatigue life.

In Fig. 6, these three sets of S-N data have no overlap and are clearly
distinguishable. Overall, when sorted by the values of maximum stress
Omax in descending order, they are as follows: UAC,R=0.3; RB,R= — 1;
UAC, R = — 1. Each of their S-N curves consists of a single sloped line
and a horizontal asymptote. For the RB specimens, there are distinct
upper and lower bounds for the horizontal asymptote: o, = 351 and
476 MPa; for the UAC specimens, the horizontal asymptotes are at opyax
=578 and 266 MPa with R = 0.3 and — 1. RB specimens either failed in
the low-cycle or high-cycle fatigue stage corresponding to the first
sloped line, or reached runout at approximately 10% cycles. None of the
specimens failed in the horizontal asymptote region (i.e. N > 3 x 10°
cycles). When R = — 1, no UAC specimens exhibited failure cycles
exceeding 1.7 x 108 when R = 0.3, their failure cycles did not exceed 8
x 107. Although no VHCF failures were observed under RB loading, the
actual service life of railway wheels can exceed 108 - 10° cycles, where
VHCEF failures are indeed possible. The UAC results better represent this
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scenario, indicating that real wheels are at risk of inclusion-driven VHCF
failures in long-term service.

In RB loading, even when the maximum stress omax attains 800 MPa,
which is close to the UTS of the wheel steel, the specimens can still
withstand a cyclic load of 1.59 — 5.72 x 10° cycles. This reflects the
beneficial effect of strain or stress gradient: the maximum stress exists
only in the outermost layer of the specimen; the deeper into the spec-
imen interior, the smaller the actual load, which enables the specimen to
resist a larger nominal load (i.e. the maximum stress omax). For RB
specimens, there exists a “traditional” fatigue limit: under a same load, if
a specimen does not fail at 107 cycles, it will not fail at 108 cycles or even
longer cycles. At the same stress ratio of R = — 1, RB specimens
generally exhibit higher fatigue performance than the UAC ones. This
can be attributed not only to the strain/stress gradient in RB loading but
also to the harmful effect of loading frequency in UAC loading.

This result contradicts conventional understanding [29]: multiple
experiments [13,27] have demonstrated that for medium- or low-
strength steels, UAC loading tends to achieve higher strength than that
under conventional frequencies; even with the benefit of strain gradi-
ents, its performance remains superior to that under RB loading. This is
most likely because the gain in material strength induced by the high
strain rate [13] from ultrasonic loading is less significant than the
reduction in material strength caused by the temperature rise [56] it
brings about. When under the same UAC loading condition, at R = 0.3,
the fatigue resistance expressed by maximum stress is significantly
enhanced, whether in high-cycle or very-high-cycle regime. As the stress
ratio increases, the knee point of the S-N curve for UAC specimens shifts
leftward from 9.2 x 10° cycles to 7.6 x 10° cycles, with the sloped
segment becoming steeper. For RB loading, the knee point shifts further
to 3 x 10° cycles, and the sloped segment becomes even steeper.
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Fig. 8. Representative SEM images showing the whole fracture surfaces (a,b) and the enlarged boxes c,d for the crack initiation regions (c,d) in (a,b) of specimens
under rotating bending (R = — 1): (a,¢) 6max = 416 MPa, Ny = 1.98 x 10* cycles; (b,d) 6max = 427 MPa, Nf = 2.33 X 10° cycles.

UAC specimens also exhibit a fatigue limit: at R = — 1, near the
horizontal asymptote of oax = 266 MPa, the specimens may fail before
1.7 x 108 cycles or remain intact even after 10° cycles; at R = 0.3, near
the horizontal asymptote of omax = 578 MPa, the specimens may fail
before 8 x 107 cycles or remain intact even after 10° cycles. Fig. 7 a and
b plots the fatigue limit curves in terms of stress amplitude o, and
maximum stress omay With increasing tensile mean stress oy, on a Gerber
[69] typed equation:

2
()
0_1 01

where ¢_1 is the fatigue limit at R = — 1, 07 is a tensile parameter for the
wheel steel. When o, is taken as oy, the expression degenerates into the
Gerber relation [69]. Therefore, o1 can be regarded as a fatigue limit at
R = 1. In Fig. 7, with o7 set to 800 MPa, Eq. (1) can well describe the
fatigue limits under stress ratios R = — 1 and 0.3. In the present analysis,
61 was set to 800 MPa, which lies between the yield strength (cy = 569
MPa) and the UTS (6, = 901 MPa) of the wheel steel. This choice reflects
the physical constraint that at high mean stresses, the fatigue limit
should not exceed the stress level at which plastic yielding occurs.
Therefore, o; can be regarded as an effective limiting stress parameter
that bridges the fatigue limit at R = -1 and the yielding-dominated
regime at high mean stress. The selected value of 800 MPa not only
achieves good agreement with the experimental data but also maintains

consistency with the Gerber-type relation and the tensile properties of
ferrite-pearlite steels.

For cases with high stress ratios (R > 0.3), the extrapolated fatigue
limit curves may not be reliable due to the lack of experimental data.
However, for the stress ratio range from R = — 1 to R = 0.3, the results
should have a relatively high confidence level. Fig. 7b shows that the
maximum stress corresponding to the fatigue limit at R = 0.3 is com-
parable to the yield strength of the wheel steel, indicating the regulatory
role of the yield strength under such loading conditions. Schonbauer
et al. [70] reported similar findings, further emphasizing the sensitivity
of pearlitic and ferritic steels with 6, < 1 GPa to tensile mean stress [71].
This also indicates that attempting to quickly estimate fatigue strength
using a single UTS, particularly for VHCF, is inherently futile [72].

At the same stress ratio of R = -1, RB specimens generally exhibited
higher fatigue performance than the UAC ones. This result appears to
contradict conventional understanding, since many studies [13,27,29]
have reported that ultrasonic loading tends to enhance fatigue resistance
compared with conventional frequencies, particularly in high-strength
steels. The discrepancy can be explained by the loading frequency ef-
fect and the associated thermal influence. At ultrasonic frequency (~ 20
kHz), the high strain rate is expected to provide a strengthening effect by
delaying plastic instability. However, in the present wheel steel with oy,
~ 0.9 GPa, this potential benefit is outweighed by thermal softening.
Despite active air cooling, local heating is unavoidable in ultrasonic
tests, particularly near elongated sulfides where stress concentration
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Fig. 9. Representative SEM images showing the whole fracture surfaces (a,b) and the enlarged boxes c,d for the crack initiation regions (c,d) in (a,b) of specimens
under ultrasonic axial loading (R = — 1): (a,¢) 6max = 304 MPa, Ny = 5.50 x 10° cycles; (b,d) 6max = 268 MPa, Ny = 3.70 X 10° cycles.

and cyclic plasticity are severe. The temperature rise was controlled to
remain below ~ 30 °C at the specimen surface, yet even moderate
heating can promote partial dissolution of cementite lamellae and
reduce resistance to crack initiation. Consequently, the fatigue resis-
tance under UAC is significantly lower than under RB loading, in
contrast to conventional understanding for high-strength steels. This
highlights that the frequency effect is strongly coupled with material
strength level and microstructural sensitivity: in medium strength steels,
thermal damage dominates over strain-rate strengthening. From an
engineering perspective, this implies that ultrasonic fatigue testing
provides a conservative but realistic assessment of inclusion-driven
VHCEF risks for railway wheels in long-term service.

3.3. Fracture surface morphologies

Fractographic examination was performed to investigate crack
initiation locations and surface morphologies under different loading
types and stress ratios. Fracture features are strongly dependent on both
the stress state (RB vs. UAC loading) and the stress ratio level (R = -1 vs.
0.3). A systematic shift was observed from surface-initiated cracks under
RB loading to subsurface or internal crack initiation under UAC loading.
Representative SEM images of fracture surfaces are presented in Figs. 8 —
10, covering the full range of loading scenarios.

For RB loading, a total of 21 specimens failed, all of which were
dominated by surface crack initiation and corresponded to low-cycle or
HCF. Two examples are presented in Fig. 8: one involves multiple
initiation sites (Fig. 8a) with a relatively low number of failure cycles
(1.98 x 10", and the other is a single initiation site (Fig. 8b) with a
relatively high number of failure cycles (2.33 x 10°). Note: The load
applied to the specimen corresponding to Fig. 8a (omax = 416 MPa) is

slightly less than that for Fig. 8b (6max = 427 MPa). In both cases of Fig. 8
a and b, concentric crack propagation bands are clearly visible, indi-
cating stable fatigue crack growth. Enlarged views of the crack initiation
sites (Fig. 8 c and d) reveal smooth, shallow features free of noticeable
inclusions or voids, suggesting that the fatal fatigue damage was gov-
erned by the specimen surface condition and/or microstructure rather
than inclusion or void typed defects. We define this type of fatigue
failure, which is dominated by the specimen surface and involves no
inclusions, as the “Sur-1" (surface without inclusions).

For UAC loading, a total of 21 specimens failed at R = -1, with 25
specimens failing at R = 0.3. The representative SEM morphologies of
the fracture surfaces (Figs. 9 and 10) show that these failed specimens
are dominated by either internal or surface crack initiation. The influ-
ence of stress ratio on fractographic features appears to be relatively
minor, at least for R values of 0.3 and -1. Unlike the failed specimens
under RB loading, the fatigue fracture surfaces of UAC specimens all
exhibit inclusion-induced crack initiation; these inclusions, after iden-
tification, are confirmed to be sulfides [55]. Based on fractographic
knowledge [73], we first determine whether a fracture surface origi-
nates from a surface crack or an internal crack. Depending on the po-
sitions of the dominant sulfide inclusions, and with reference to the
illustration in Ref. [74], we have defined two other failure types: “Sur-2”
(surface with inclusions, as shown in Figs. 9a,c and 10a,c) and “Int”
(interior with inclusions, as shown in Figs. 9b,d and 10b,d).

Under R = -1, Fig. 9 a and c presents an example of Sur-2 typed
failure, while Fig. 9 b and d presents an example of Int typed failure.
Fig. 9a shows a typical fracture surface dominated by surface-initiated
failure in low-cycle or HCF, with a failure cycle count on the order of
105. Fig. 9b demonstrates a somewhat non-standard FiE morphology,
which, strictly speaking, corresponds to subsurface-initiated failure,
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Fig. 10. Representative SEM images showing the whole fracture surfaces (a,b) and the enlarged boxes c,d for the crack initiation regions (c,d) in (a,b) of specimens
under ultrasonic axial loading (R = 0.3): (a,¢) omax = 578 MPa, 0, = 202 MPa, Ny = 1.23 x 10° cycles; (b,d) 6max = 578 MPa, 0, = 202 MPa, Ny = 1.84 x 107 cycles.

with a failure cycle count on the order of 10°. The enlarged SEM image
of Fig. 9c exhibits the fragmented sulfide clusters in the surface crack
origin of the specimen, with sizes in the range of 60 — 100 pm. Fig. 9d
magnifies the morphology of the subsurface crack initiation region in
Fig. 9b, where a long serpentine domain containing sulfide inclusions
divides the indistinct elliptical FiE region into two parts. This elongated
sulfide domain has a major axis of approximately 300 pm and a minor
axis of about 50 pm.

Under R = 0.3, Fig. 10 a and c presents an example of Sur-2 typed
failure, while Fig. 10 b and d presents an example of Int typed failure.
Fig. 10a is very similar to Fig. 9a, both showing the typical fracture
surface morphology under surface crack initiation in HCF, though with a
failure cycle count on the order of 10°. In contrast, Fig. 10b presents a
standard FiE fracture of VHCF dominated by internal crack initiation,
featuring a failure cycle count on the order of 107, Fig. 10 ¢ and d dis-
plays the morphology of dominant sulfide inclusions in the initiation
region. These inclusions are all in the form of elongated ellipsoidal or
long strip-like shapes, with their major axes each around 300 pm and
their minor axes measuring 30 and 60 pm.

In comparing Figs. 10d and 9d, it is confirmed that the internal FiE
origins appear smooth and inclusion-associated, yet exhibit more
distinct radial growth patterns at R = 0.3 than those of the R = -1 case.
The presence of tensile mean stress likely promotes crack opening,
mitigates crack closure effects, and facilitates the faster growth of
internally initiated cracks, thereby shifting the failure mechanism from
surface-, subsurface- to internal-initiated even at high maximum stress
levels.

From an engineering viewpoint, although all RB specimens failed by
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surface crack initiation, the actual wheel rim is more realistically rep-
resented by the UAC results. In service, wheels are subjected to complex
bending and rolling-contact stresses in a large volume, where elongated
sulfide inclusions are inevitably present. Therefore, fatigue failures in
real wheels are expected to be dominated by sulfide-induced mecha-
nisms, which can occur both at the surface and in the interior depending
on the state of the local stress.

3.4. Crack initiated micro/nanostructure

Compared with the VHCF of high-strength steels [7,19,33] with a
tempered martensite, the failure lives of RB and UAC specimens for the
wheel steel are not particularly high, nor have we observed morpho-
logical features such as ODA or FGA in the crack initiation regions.
Nevertheless, we still used the FIB technique to prepare longitudinal
cross-sectional samples of the pearlite-ferrite matrix along the edges of
sulfide inclusions that induce crack initiation, for subsequent TEM
characterization. The fracture surfaces of selected specimens are shown
in Fig. 11 a and b, corresponding respectively to the UAC loading con-
ditions as follows: (1) R = — 1, 6max = 278 MPa, 6, = 278 MPa, N =
1.01 x 107 cycles; (2) R = 0.3, 6yax = 578 MPa, 0, = 202 MPa, Ny = 2.62
x 107 cycles.

We conducted site-specific TEM analyses on the two thin foils,
denoted as the red bars ¢ and d in Fig. 11 a and b, which mark the FIB
locations on the fracture surfaces. The bright field (BF) images are
shown in Fig. 11 c and d for two TEM samples. For R = — 1, there are
two distinct microstructural zones: near the fracture surface lies a layer
of ultrafine equiaxed ferrite grains with sizes ranging from hundreds of
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Fracture surface
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Fig. 11. Representative FiE morphologies under SEM of two ultrasonic specimens failed in VHCF regime at negative and positive stress ratios: (a) R = — 1, 6max =
278 MPa, 6, = 278 MPa, Ny = 1.01 x 107 cycles; (b) R = 0.3, 61ax = 578 MPa, 0, = 202 MPa, N¢ = 2.62 x 107 cycles. Red bars c,d in (a,b) indicating TEM sampling
locations by FIB milling. (c,d) BF images for TEM samples c,d; (e,f) SAD patterns for e,f domains in (c,d); respectively.

nanometers to sub-microns; away from the fracture surface, there is a
conventional pearlite region, where the ferritic lamellae have a thick-
ness of approximately 200 nm, and the cementite lamellae have a
thickness of less than 100 nm. In comparison with the proeutectoid
ferrite grains in the original ferrite-pearlite microstructure, their sizes
appear to have undergone significant refinement. Very recently, Sista-
ninia et al. [75] also observed a similar phenomenon of ferrite grain
refinement during VHCF loading in R350HT, a pearlitic steel commonly
used in Europe, with the key difference that no sulfide inclusions were
detected therein. For R = 0.3, there is only a microstructure consisting of
irregular pearlite, in which partially dissolved cementite can be
observed. The pearlite regions have a size exceeding the observable
range of the TEM sample, and thus no obvious grain refinement is
detected.

As shown in the BF images of Fig. 11 c and d, the red circles, each
with a diameter of 200 nm, located near the fracture surfaces, marked as
e and f, are representative domains for selected area electron diffraction
(SAD), with their characterization results presented in Fig. 11 e and f.
The SAD pattern in Fig. 11e exhibits disordered diffraction spots, with
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faintly elongated rings visible locally — a feature indicative of a high
density of randomly oriented nanograins, which suggests severe cyclic
plasticity and microstructural fragmentation at the VHCF crack origin.
This indicates that under the VHCF condition with R = -1, where the
failure cycle number of the wheel steel is not particular high, only a
discontinuous and very thin nanocrystalline layer exists in the core re-
gion of fatigue crack initiation. Unlike the R = -1 condition, the SAD
pattern in Fig. 11f reveals isolated diffraction spots, indicating the
presence of coarse pearlite lamellae larger than 200 nm in size after a
VHCF loading under the R = 0.3 condition. The NCP (numerous cyclic
pressing) model proposed by Hong et al. [34] can well account for these
distinct microstructural characteristics in the crack initiation region of
VHCF under such negative and positive stress ratios.

For the case of R = -1, Ref. [42] reported a phenomenon of
aluminium grain refinement occurring in the crack initiation region of
an additively manufactured AlSi10Mg after more than 4 x 108 cycles,
which is highly similar to the ultrafine ferrite grains in Fig. 11c and is
believed to be related to dynamic recrystallization. In addition, Ref. [56]
also documented a significant refinement of ferrite grains in the crack
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Fig. 12. N-S diagram showing failure probability under different loading conditions in terms of maximum stress.

initiation region of a ferrite-pearlite steel under VHCF with R = -1. The
partial dissolution of cementite in Fig. 11d is likely related to both
temperature and load. It is reasonable to infer that cementite dissolution
also occurs near the fracture surface in Fig. 11c, which manifests as the
dissolution, precipitation, and rearrangement of eutectic silicon in the
additively manufactured aluminium alloy endured VHCF loading [42].
Furthermore, phase transformations such as those of retained austenite
[76] are also highly likely to have intensified these microstructural
evolution processes.

3.5. Failure types and their probabilities

Based on post-mortem fractographic inspection, we broadly catego-
rize the failure types as follows: “Sur-1” (surface without inclusions),
“Sur-2” (surface with inclusions) and “Int” (interior with inclusions).
This classification applied to RB loading with opa ranging from 809 to
354 MPa, and to UAC loading with o« ranging from 354 to 258 MPa at
R =-1, as well as from 722 to 549 MPa at R = 0.3. Following the method
in Ref. [30], the S-N diagram (Fig. 6) can be transposed into an N-S
diagram, and a failure phase map is thereby plotted, as shown in Fig. 12.

In Fig. 12, we also added the UTS to the horizontal axis. When oy, =
oy, the specimen fractures instantaneously, and its failure cycle number
is defined as Nf = 1 or 10°. For the three loading conditions listed in this
paper, the runout data are distinctly separated from those of Sur-1, Sur-
2, and Int. Among them: RB loading only induces Sur-1 failure, which is
located in the middle-right part of the phase map; under the applied
loads specified in this paper, UAC loading results solely in Sur-2 and Int
failures, with the loading cycles required for Int failure consistently
exceeding those for Sur-2. In the failure phase map, the negative and
positive stress ratios of UAC loading are respectively distributed on the
left and right sides of RB loading.

Under RB loading, the strain or stress gradient causes only the
outermost layer of the specimen to be in the maximum stress state. If the
Vgo control volume [20,77] is defined by taking 90 % of this maximum
stress value, its depth is only 175 pm, which can be comparable to the
major axis length of the elongated sulfide-inclusion clusters in the steel.
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Therefore, in the Vg control volume (i.e. the outermost surface layer) of
RB specimens, it is often difficult to encounter the sulfide inclusions with
appropriate orientations. Furthermore, even if such inclusions exist, the
driving force for cracking along the interface is easily suppressed by the
strain gradient due to the strong coordinated deformation ability be-
tween MnS [55,78,79] and the matrix. In this way, the fatigue strength
obtained from RB loading are significantly higher, which is determined
by the combined effects of loading strain gradient and specimen size
effect [13,77,80]. When applying this data, attention should be paid to it
and corrections should be made accordingly.

Under UAC loading, the notch effect of the hourglass specimen is
negligible, and its Vg control volume is 2 — 3 orders of magnitude higher
than that of the RB specimen. Owing to the stress concentration around
sulfide inclusions, combined with the lack of a sufficiently large strain
gradient to inhibit crack initiation, all failed specimens tend to nucleate
at the inclusion edges. Therefore, all failure types of the UAC specimens
are dominated by sulfide inclusions. Consistent with the VHCF charac-
teristics of traditional high-strength (¢, > 1.5 GPa) steels [18,19,31], as
the failure life increases, the initiation of fatal cracks shifts from in-
clusions on the specimen surface (Sur-2) to those in the specimen inte-
rior (Int).

For UAC loading, in contrast with the case of R =-1 and 0.3, it is easy
to calculate that the occurrence probability of Int typed failure decreases
from 78 % to 16 %, and the range of maximum stress is also significantly
narrowed, from sub-domains A to E. More specifically, in sub-domain E,
we only applied two loads, i.e. omax = 549 and 578 MPa. If calculated
using this specific maximum stress, the occurrence probability of Int
typed failure is 24 % at 578 MPa and 0 at 549 MPa. This is still much
lower than that when R = -1, and the range where Int failure can occur is
even smaller. The energy-based fatigue governing equation proposed in
Ref. [42] can well explain this change: The pearlite disintegration,
cementite dissolution, precipitation, and rearrangement, along with
ferrite grain refinement and recrystallization, which accompany the
process of crack initiation and early growth in Int typed failure, all
consume a large amount of input cyclic strain energy. This enables the
material to tolerate internal-origin failures within a wider range of
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maximum stress or stress amplitude. These findings reinforce the view
that crack initiation and early growth, with nanograin formation and
microstructure refinement, constitute a generic feature [11,67] of
VHCEF, even in metallic materials with moderately low UTS values, such
as the wheel steel investigated herein.

From an engineering perspective, these results emphasize that RB
testing tends to overestimate the fatigue performance of wheel steels,
since the effective control volume is too small for elongated sulfides to
dominate. In contrast, UAC testing, with its much larger control volume,
more realistically reflects service conditions by capturing inclusion-
induced failures and their probability distribution. The pronounced
decrease in interior failures under positive mean stress further indicates
that wheel steels in service are more prone to surface-initiated fatigue at
elevated mean stress levels, while the risk of internal VHCF failure be-
comes significantly reduced.

4. Conclusions

This study systematically investigated the fatigue behavior from low-
cycle, high-cycle to very-high-cycle regimes of a wheel steel sampling
from the wheel rim, with a ferritic-pearlitic microstructure, under
rotating bending (RB) and ultrasonic axial cycling (UAC) with varying
stress ratios of R = -1 and 0.3. The main findings are:

(1) RB specimens exhibited only surface-initiated failures and did not
extend into the VHCF regime, whereas UAC specimens showed
inclusion-induced failures (surface and interior) across high-cycle and
very-high-cycle regimes.

(2) Due to strain/stress gradients and limited control volume, RB
tests overestimate fatigue performance, while UAC tests more realisti-
cally capture inclusion-driven failures, highlighting the conservative but
practical relevance of UAC for wheel steels.

(3) Microstructural investigations revealed nanograin formation and
refinement under R = -1, and cementite dissolution under R = 0.3,
demonstrating distinct mechanisms of crack initiation influenced by
stress ratio and local thermal effects.

(4) Probability-based failure mapping shows that internal failures
become significantly less frequent at positive stress ratios, indicating
that service wheels are more prone to surface-initiated failures under
tensile mean stresses.
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