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Abstract: The performance of rail welded joints significantly affects the safety of railways. In this study, we compare the 
fatigue damage of U75V thermite welded joints (TWJs) and flash-butt welded joints (FWJs), and subsequently explore the 
effect of laminar plasma quenching (LPQ) on the anti-wear and anti-fatigue properties of these two types of joints. The results 
indicate that LPQ reduced the wear of the FWJs by 78%–85%. Crack propagation in quenched thermite welded joints (QTJs) is 
observed to be controlled by the subsurface defect-initiated crack (SDIC) mechanism, whereas the crack propagation in quenched 
flash-butt welded joints (QFJs) involves two mechanisms: surface-originated fatigue crack (SOFC) and SDIC. Elemental fluctuations 
and changes in dislocation density account for the differences in wear mechanisms and fatigue damage between these two forms 
of quenched welded joints.
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1 Introduction 

With the rapid development of the railway trans‐
portation industry toward higher speeds and heavier 
loads, there is an increasing focus on the safety and 
reliability of steel rails. Over the long-term operation 
of railway systems, rail materials are subjected to the 
combined effects of environmental conditions and train 
loads, as well as the interactions of multiple physical 
factors. This results in significant wear and rolling 
contact fatigue (RCF) damage to the rail surface (Zeng 
et al., 2017). The presence of fatigue cracks, exces‐
sive wear, and large-scale spalling on the surface of 
steel rails poses a serious threat to the stability and 
safety of train operations, and escalates the costs and 

difficulties of track maintenance (Nejad et al., 2016; 
Seo et al., 2016).

Since rail welded joints are critical components 
that connect rails and ensure smooth train operations, 
their wear resistance and RCF resistance are essential. 
However, compared to rail substrates, the microstruc‐
ture of rail welded joints is more complex. Addition‐
ally, the large residual stresses and defects generated 
during the welding process make the welded joint more 
susceptible to fatigue cracks during service (Remes 
et al., 2020; Fang et al., 2022). This increased risk of 
fatigue crack initiation and propagation poses a signif‐
icant challenge to the reliability of rails (Hultgren et al., 
2023; Li et al., 2025). According to relevant standards, 
joint performance can be enhanced by optimizing weld‐
ing process parameters, improving the sequence and 
direction of welding, and employing techniques such as 
vibration aging. However, studies have demonstrated 
that these methods have certain limitations that cannot 
completely eliminate residual stresses and defects in 
welded joints. Additionally, their effectiveness is con‐
strained by process conditions and material properties 
(Ghazanfari and Tehrani, 2021).
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Additionally, surface strengthening techniques can 
be utilized to enhance wear resistance, mitigate fatigue 
damage, and improve the overall quality of rail welded 
joints. For instance, Hernández et al. (2016) used laser 
cladding to minimize plastic deformation in the heat 
affected (HA) zone of thermite welded joints (TWJs). 
Shi et al. (2019) investigated the effect of two laser 
strengthening techniques—laser quenching (LQ) and 
laser shock peening (LSP)—on the wear and fatigue re‐
sistance of U75V steel flash-butt welded heads through 
RCF tests. Moreover, Liu et al. (2019) used laser 
shock peening to strengthen the surface properties of 
friction stir welding joints for aluminum alloys. Li et al. 
(2022) analyzed the effect of LSP treatment on the 
fatigue resistance of U75VG steel flash-butt welded 
joints (FWJs) by investigating changes in the distribu‐
tion of residual stress, microstructures, and surface 
morphology. Tan et al. (2024) used a normalizing treat‐
ment to promote martensitic phase transformation and 
eliminate the elemental segregation zone to improve 
the mechanical properties—such as tensile strength 
and impact toughness—of U71Mn steel linear friction 
welded joints. However, surface strengthening tech‐
nologies such as laser cladding and laser quenching 
face challenges in large-scale practical applications due 
to their limitations of high process complexity, harsh 
operating conditions, and high production costs (Hu 
et al., 2018; Lei et al., 2018; Zhao JZ et al., 2021; Ding 
et al., 2022). Therefore, there is high demand for de‐
veloping new rail welded joint strengthening technol‐
ogies, which could improve the weak links in railway 
lines. At the same time, most relevant existing research 
has focused on the strengthening of single welded 
joints, while comparative studies of joints prepared by 
different welding methods are scarce.

Laminar plasma quenching (LPQ) is an advanced 
surface treatment technology. It employs gas discharge 
to generate high-energy plasma flow, which heats metal 
surfaces to temperatures exceeding the solid-state phase 
transition threshold. Subsequently, a hardened layer 
composed of ultrafine martensite forms on the metal 
surface through rapid cooling (Xu et al., 2020, 2021). 
This treatment enhances the surface hardness of the rail 
without altering its internal microstructure and proper‐
ties, significantly improving its resistance to RCF and 
wear (Bai et al., 2024; Wang K et al., 2024a; Zhu et al., 
2024). LPQ has several advantages, including high effi‐
ciency, minimal thermal distortion, process flexibility, 

and low cost, making it promising for applications in 
various fields, such as the railway industry, mechanical 
additive manufacturing, aerospace, metallurgy, and 
renewable energy (Kenel et al., 2017; Guo et al., 2021; 
Wang CS et al., 2024).

Given the exceptional performance of LPQ tech‐
nology in enhancing material surface strength, its ap‐
plication to rail welded joints is expected to improve 
their wear and fatigue resistance, thereby extending 
their fatigue life. Currently, rail welding primarily 
employs aluminum thermal welding and flash-butt 
welding processes (Ilić et al., 1999). In this study, we 
first analyze the hardness, microstructure, and fatigue 
damage of two types of welded joints: TWJs and FWJs. 
Thereafter, roller specimens are prepared from differ‐
ent zones of the joint and subjected to LPQ treatment. 
The impact of LPQ on the wear resistance and fatigue 
resistance of the two types of welded joints is then 
explored through a double-disc test. Additionally, by 
analyzing the elemental distribution and crystal struc‐
ture of the quenching zone, we elucidate the differences 
in wear mechanisms and damage between quenched 
thermite welded joints (QTJs) and quenched flash-butt 
welded joints (QFJs). The workflow of our study is 
illustrated in Fig. S1 of the electronic supplementary 
materials (ESM). For the reader’s convenience, we 
have provided a list of the abbreviations used in this 
paper in Table 1.

Table 1  Abbreviations commonly used in this article

Complete expression

Thermite welded joint

Flash-butt welded joint

Quenched thermite welded joint

Quenched flash-butt welded joint

Weld bead

Heat affected

Base material

Weld bead zone of TWJ

Weld bead zone of FWJ

Heat affected zone of TWJ

Heat affected zone of FWJ

Base material zone of TWJ

Base material zone of FWJ

Surface-originated fatigue crack

Subsurface defect-initiated crack

High-angle grain boundary

Low-angle grain boundary

Abbreviation

TWJ

FWJ

QTJ

QFJ

WB

HA

BM

TWB

FWB

THA

FHA

TBM

FBM

SOFC

SDIC

HAGB

LAGB
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An analysis of the two types of standard rail 
welded joints is also offered in the ESM.

2 Double-disc experiment 

2.1 Material preparation and experimental 
procedure

The wheel–rail specimens utilized in the double-
disc experiments were sourced from CL60 wheels and 
two types of welded joints. In order to reduce the 
influence of the work hardening effect caused by wheel–
rail rolling–sliding contact, eight specimens were hori‐
zontally cut from two types of welded joints, each at a 
distance of 10 mm from the rail top. Two specimens 
were taken from each of the weld bead (WB) zone and 
the HA zone of two types of joints, while the other 
four were obtained from the base material (BM) zone; 
these were used for quenching treatment and control 
testing, respectively. The welded joint specimens 

containing WB and HA zones are designated WHA. 
All specimens were machined into the shape shown in 
Fig. 1b. Subsequently, the rail welded joint specimens 
were subjected to LPQ treatment using a four-axis 
linked computer numerical control (CNC) machine 
quenching device. The experimental setup is depicted 
in Fig. 1c.

Previous studies on the process parameters of LPQ 
have shown that the argon-to-nitrogen ratio, arc current, 
scanning velocity, and anode nozzle diameter all sig‐
nificantly influence the microstructure and hardness 
distribution of the hardened layer (Guo et al., 2020; 
Wang et al., 2022). As the arc current and the scan‐
ning velocity increase, both the width and depth of 
the hardened layer also increase. Additionally, using a 
3 mm anode nozzle diameter produces a deeper and 
narrower hardened layer compared to a 7 mm nozzle 
(Guo et al., 2020). Furthermore, the depth of the hard‐
ened layer gradually decreases with an increasing 
argon-to-nitrogen ratio and with a greater LPQ nozzle 

Fig. 1  Schematic diagram of the wheel rail specimens and double-disc tests: (a and b) wheel and rail specimens (unit: mm); 
(c) experimental setup for LPQ; (d) schematic diagram of the double-disc test
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distance (Wang et al., 2022). To achieve a quenching 
zone with a diameter of 6 mm and a depth of 0.61 mm 
(Zhu et al., 2024, 2025), the quenching device current 
was set to 150 A, the scanning speed to 600 mm/min, 
and the nozzle diameter to 3 mm. The experiment 
employed a nitrogen-argon mixture with a composition 
of 40% argon and 60% nitrogen.

A simulation test bench for the wheel–rail con‐
tact characteristics (LGPJ-30C, Jinan Xiyan Zhichuang 
Testing Machine Co., Ltd., China) was utilized to con‐
duct the double-disc experiments in a dry environment, 
with the specific experimental setup illustrated in 
Fig. 1d. It is important to note that the contact between 
the wheel and the welded joint specimen is character‐
ized as a band contact with a length of 5 mm, as de‐
picted in Fig. 1b. In normal train operation, the contact 
between the wheels and rails typically manifests as 
single-point or two-point contact. The use of band con‐
tact in this experiment is justified by previous experi‐
ments, where the rollers with point contact gradually 
wore down during testing, ultimately resulting in band 
contact (Zhang et al., 2022). This wear process caused 
the normal force applied between the wheel and rail 
specimens to be less than the actual wheel–rail con‐
tact force, thereby affecting the accuracy and reliability 
of the experimental data. The Hertzian contact criterion 
was applied in this experiment to ensure that the max‐
imum Hertzian contact stress between the wheel–rail 
specimens was consistent with actual field conditions 

(Zhang et al., 2022). When the contact stresses are con‐
sistent and the mechanical properties of the materials 
are comparable, we can accurately analyze the mechan‐
ical behavior of the wheel–rail material and the fatigue 
damage under the specified working conditions. For 
these reasons, a normal force of 5280 N was applied 
between the wheel and the welded joint specimen to 
simulate the wheel–rail contact stress under a 25-t axle 
load condition. During the experiment, the rotational 
speeds of the wheel and the welded joint specimen 
were set to 400 and 398 r/min, respectively, and the slip 
rate was set to 1% (Pereira et al., 2024). Meanwhile, to 
analyze the changing wear trends of wheel and welded 
joint specimens, the test cycle times were set to 20000, 
40000, 60000, and 80000 revolutions (Shi et al., 2019). 
Throughout the experiment, a high-pressure air nozzle 
was employed to blow out the abrasive material and 
cool the specimens. The characterization and analysis 
methods utilized following the tests are detailed in 
Table S3 of the ESM.

2.2 Experimental results

2.2.1　Hardness

Fig. 2 illustrates the hardness of the cross-sections 
of the QTJ and QFJ specimens. The measurement 
spacing for the quenching zone is 0.1 mm, while that 
for the substrate is 0.5 mm. An analysis of the data 
reveals that the hardness of both the TWJ and FWJ 

Fig. 2  Cross-sectional hardnesses of the QTJ and QFJ specimens
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specimens significantly increases following the LPQ 
treatment. Specifically, for the QTJ specimens, the mi‐
crohardness of the matrix structure ranges from 250 to 
400 HV0.5, whereas the microhardness of the quench‐
ing zone reaches as high as 900 to 970 HV0.5. In the 
case of the QFJ specimens, the microhardness of the 
substrate falls within 300 to 400 HV0.5, and the quench‐
ing zone achieves a microhardness of 870 to 970 HV0.5. 
Notably, the hardness in the quenching zone of both 
specimens is highly uniform. Furthermore, the micro‐
hardness at the junction of the quenching zone and 
the substrate remains greater than that of the substrate 

but less than that of the quenching zone. Additionally, 
a discernible pattern emerges in the hardness across 
different zones of the specimens: the hardness in the 
BM zone exceeds the hardness in the WB zone, and 
the hardness in the WB zone is greater than that in the 
HA zone.

2.2.2　Wear mass

Fig. 3 illustrates the wear mass of the wheel–rail 
specimens before and after quenching. Overall, the 
wear mass of the wheel–rail specimens before and 
after quenching increases with the number of cyclic 

Fig. 3  Wear mass of joint (a and c) and wheel (b and d) specimens before and after LPQ treatment: (a and b) TWJs; 
(c and d) FWJs. QWHA: quenched WHA specimen; QBM: quenched BM specimen
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loads, given a constant applied normal force. For TWJs, 
the wear of the quenched WHA specimens was more 
severe than that of the unquenched specimens. This is 
attributed to the high-temperature filling process of 
thermit welding, which utilizes molten metal that cools 
at a slower rate, leading to the formation of coarse 
grains, porosity, inclusions, and compositional segre‐
gation (Liu et al., 2021). Pores and inclusions act as 
points of stress concentration, and the quenching pro‐
cess promotes the expansion of microcracks along these 
defects, ultimately resulting in spalling. Additionally, 
the increase in hardness of the rail specimens, which 
surpasses that of the wheel specimens, results in more 
severe wear of wheel specimens corresponding to the 
QTJ specimens. In contrast, for FWJs, the quenching 
treatment enhances the wear resistance of the WHA 
specimens. The wear mass at 20000, 40000, 60000, 
and 80000 cycles was reduced by 84%, 85%, 83%, 
and 78%, respectively. This improvement is due to the 
finely equiaxed grain structure of the original FWJ, 
which is further refined by the quenching treatment, 

significantly enhancing the specimens’ hardness and 
resistance to plastic deformation. For TWJs, the wear 
mass of the BM specimens after quenching was greater 
than that of the WHA specimens, while the opposite 
was observed for FWJs. The minimal difference in 
wear mass between the WHA and BM specimens for 
both types of welded joints after quenching suggests 
that the LPQ process effectively balances abrasion 
across different zones of the welded joints, mitigates 
irregularities in the welded joints of the rails, and re‐
duces the wheel–rail impact at the joints.

2.2.3　Fatigue damage analysis

The surface injuries observed in various zones of 
the QTJ specimens are illustrated in Fig. 4. These in‐
juries are primarily characterized by significant spall‐
ing and material accumulation within the quenching 
zone, with no evident fatigue cracks or secondary cracks 
detected. Furthermore, a distinct boundary can be ob‐
served between the quenching zone and the BM, which 
is attributed to the difference in hardness between the 

Fig. 4  Morphological analysis of surface damage on the QTJ specimens: (a–c) WB; (d–f) HA; (g–i) BM
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two zones and leads to the discrepancy in wear. During 
prolonged rolling contact between the wheel and rail, 
this wear differential will gradually accumulate, ulti‐
mately resulting in a height difference that highlights 
the boundary between the hardened zone and the BM 
(Bai et al., 2024). To further analyze the morphologi‐
cal characteristics of each zone of the QTJ specimen, 
contour lines were extracted at the same section from 
3D images obtained using a laser confocal microscope, 
as illustrated in Figs. 4c, 4f, and 4i. The heights of the 
structural buildup in the WB zone, HA zone, and BM 
zone are measured at 34.3, 43.4, and 34.1 μm, respec‐
tively. Additionally, significant spalling pits are evident 
in the quenching zone of the specimens. The center of 
the quenching zone exhibits unevenness, which is attrib‐
uted to localized ablation and results in increased rough‐
ness in that area (Wang et al., 2023b).

The surface injuries of the QFJ specimens in each 
zone are illustrated in Fig. 5. In the BM zone, surface 
damage is primarily characterized by the presence of 
primary cracks, secondary cracks, and significant spall‐
ing phenomena at the edge of the quenching zone, as 
depicted in Figs. 5c and 5f. In contrast, the surface 
cracks in the WB and HA zones are more densely dis‐
tributed, as shown in Figs. 5a and 5b, with the crack 
propagation path being nearly perpendicular to the 

rolling direction. Compared to those in the WB and BM 
zones, the surface cracks in the HA zone are longer, 
more numerous, and exhibit greater relative density. 
Cracks in the HA zone initiate at the center of the 
quenching zone and extend toward its edge. Notably, 
both the WB and BM zones display structural material 
buildup at the edge of the quenching zone in the form 
of flaky skinning, despite having a lower number of 
cracks. Moreover, the fatigue cracks in the WB and 
BM zones propagate rapidly outward after initiation, 
leading to significant spalling.

Fig. 6 presents OM and SEM images depicting the 
cross-sectional damage in various zones of the QTJ 
specimens. The fatigue damage observed in the speci‐
mens is primarily characterized by subsurface defect-
initiated crack (SDIC), accompanied by slight spall‐
ing. The most severe damage was identified in the HA 
zone, which exhibited multiple minor cracks (<100 μm), 
followed by the WB zone, while the BM zone dis‐
played the least severe damage. This pattern of damage 
corresponds to the microstructural conditions discussed 
in Section S1 of the ESM. The thermit welding process 
introduces defects such as porosity, inclusions, and 
under-welding in both the WB zone and the HA zone, 
as illustrated in Figs. 6a and 6c. These defects serve 
as initiation points for cracks during the experiments 

Fig. 5  Optical microscope (OM) (a–c) and scanning electron microscope (SEM) (d–f) images of surface damage on QFJ 
specimens: (a and d) WB; (b and e) HA; (c and f) BM
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on the quenching specimens and gradually evolve 
into concealed injuries. Furthermore, these cracks are 
predominantly concentrated within 70 μm of the spec‐
imen surface and do not compromise the substrate. 
With prolonged loading, the cracks progressively ex‐
tend toward the surface of the specimen, partially lead‐
ing to spalling.

OM and SEM images of the profile damage in 
various zones of the 1QFJ specimens after testing 
are shown in Fig. 7. Surface-originated fatigue cracks 
(SOFCs) are observed in all zones of the specimen, 
and the material exhibits severe internal fragmentation. 
Some SOFCs extend toward the surface following 
deflection, while wear causes the material above the 
cracks to continuously thin. Eventually, these cracks 
connect with the surface, leading to large-scale spalling 
of the material. Additionally, some SOFCs expand to 
the transition zone at large angles, forming branching 
cracks. Cracks with this type of extension typically do 
not lead to large-scale spalling of the material above 

them. SDICs (Fig. 7a) are observed in the HA zone. 
In the transition zone, some branching cracks develop 
for a period of time and subsequently intersect. When 
these cracks merge, the intermediate material is sheared 
and detached from the substrate, becoming a fragmented 
material of the intermediate layer. The cracks then 
coalesce into a longer crack, as illustrated in Figs. 7b 
and 7f. This phenomenon is referred to as crack inter‐
weaving. Furthermore, it is noteworthy that when the 
fatigue crack reaches the transition zone, it does not 
continue to propagate into the BM. This behavior is 
attributed to the significant hardness gradient between 
the quenching zone and the BM (Fig. 2). Additionally, 
the interior of the quenching zone primarily consists of 
plate-like martensite, which has poor toughness, 
whereas the substrate is predominantly composed of 
pearlite, an exceptionally tough material (Bai et al., 
2024). The disparity in toughness between the quench‐
ing zone and the substrate interface leads to pronounced 
boundary effects, which inhibit crack propagation into 

Fig. 7  OM (a, c, and e) and SEM (b, d, and f) images of 
cross-sectional damage in QFJ specimens: (a and b) WB; 
(c and d) HA; (e and f) BM

Fig. 6  OM (a, c, and e) and SEM (b, d, and f) images of 
cross-sectional damage in QTJ specimens: (a and b) WB; 
(c and d) HA; (e and f) BM
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the substrate and can help mitigate potential safety 
hazards for railway operations.

Untreated welded joint specimens are primarily 
composed of pearlite and ferrite. Under cyclic load‐
ing, when the yield stress on the surface of the wheel–
rail material exceeds its stability limit, ratcheting failure 
may be induced. In the initial stage, plastic deformation 
accumulates on the material’s surface, causing micro‐
cracks to form. As the number of rolling contacts in‐
creases, these cracks propagate toward the surface, 
resulting in small-scale peeling; this ultimately devel‐
ops into larger areas of spalling. With the continued 
action of contact stress, some cracks propagate inward 
into the rail material (>4800 μm), posing a serious threat 
to the structural safety of the railway, as illustrated in 
Fig. S7 of the ESM. Following LPQ treatment, the 
fatigue cracks become confined to the quenching and 
transition zones (<610 μm), indicating that LPQ treat‐
ment effectively suppresses crack development.

Based on the cross-sectional damage analysis pre‐
sented in Figs. 6 and 7, the quenching welded joint 
specimens exhibit two mechanisms of crack initiation 
under cyclic loading: SOFC and SDIC. Crack propaga‐
tion can be categorized into three typical modes: branch‐
ing propagation, crack interweaving, and deflection 

trajectory. The experimental results of this paper indi‐
cate that crack initiation in QTJ specimens is predomi‐
nantly governed by the SDIC mechanism, with the 
propagation exhibiting notable path deflection charac‐
teristics along with localized crack branching phe‐
nomena. In contrast, QFJ specimens display both SOFC 
and SDIC mechanisms, and their crack propagation 
exhibits multi-mode coupling characteristics, including 
branching propagation, crack interweaving, and deflec‐
tion trajectory (B-C-D). Section 3 will explore the 
reasons for the differences in the crack propagation 
mechanisms of the QTJ and QFJ specimens.

3 Discussion 

3.1 Element distribution and wear mechanism

Energy-dispersive X-ray spectroscopy (EDS) line 
scanning was used to measure the elemental distribu‐
tions in the TWB, THA, FWB, FHA, and BM zones 
after 80000 cycles. The EDS lines were perpendicular 
to and parallel to the transition zone, as illustrated in 
Figs. 8a and 9a, respectively. By analyzing the ele‐
mental distributions, the wear mechanisms of QTJs and 
QFJs can be elucidated.

Fig. 8  EDS line scans of two types of quenched welded joints perpendicular to the transition zone: (a) EDS line scan of 
the physical image; (b) TWB; (c) THA; (d) FWB; (e) FHA; (f) BM
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Comparing the line scans of the two types of 
welded joints in Fig. 8, it is evident that the concentra‐
tion of iron (Fe) elements in the TWB zone, THA 
zone, FWB zone, and BM zone has decreased to a 
certain extent, with the exception of the FHA zone. 
This reduction is attributed to cyclic friction, which 
raises the surface temperature of the specimen, caus‐
ing the martensitic surface in the quenching zone to 
oxidize and form Fe2O3/Fe3O4. After the oxide layer 
peels off, oxidation reactions persist, resulting in a con‐
tinuous decrease in the Fe content (Shen et al., 2024). 
Concurrently, the cementite in the quenching zone 
becomes elongated and fibrotic due to plastic defor‐
mation on the specimen’s surface, ultimately increas‐
ing the surface carbon (C) content. This notable rise in 
surface C content contributes to an increase in surface 
hardness, which is a phenomenon known as work hard‐
ening (Li et al., 2021). Additionally, the carbides (Fe3C) 
formed during quenching were fragmented and redis‐
tributed under cyclic shear stress throughout the ex‐
periment, resulting in fluctuations in the distribution 
of C elements within the quenching zone, as illustrated 
in Figs. 8c–8e. Unlike in the WB and HA zones, there 
is no significant change in the elements of the BM zone. 
This is because the BM develops a small and uniform 

lath martensite microstructure after quenching, which 
exhibits high hardness and toughness (Zhao et al., 
2018). The uniform distribution of carbides in the sub‐
strate leads to minimal fragmentation under cyclic load‐
ing conditions. Furthermore, there is no interference 
from aluminum (Al) inclusions in the substrate, and the 
manganese (Mn) is uniformly held in solid solution.

Following quenching treatment, the phase com‐
position of the quenching zones in the rail welded 
joints transforms rapidly, resulting in the formation of 
a soft-hard interface with the substrate. The hardness 
gradient at the boundary between the quenching zone 
and the substrate is steep, as illustrated in Fig. 2. 
Therefore, it is particularly important to analyze the 
characteristics of the elemental distribution in the tran‐
sition zone between the quenching zone and the sub‐
strate. By comparing the line scans of the two types 
of joints in Fig. 9, it can be observed that the content 
of Fe in all zones exhibits a decreasing trend along 
the EDS scanning trajectory. Nonsteady-state fluctua‐
tions of the C elements were detected in the THA and 
BM zones, which are associated with the solid solu‐
tion and precipitation of carbides during the quench‐
ing process (Wang K et al., 2024a). Discrete peaks of 
aluminum (Al) enrichment were observed in the HA 

Fig. 9  EDS line scans of two types of quenched welded joints aligned with the transition zone: (a) EDS line scan of the 
physical image; (b) TWB; (c) THA; (d) FWB; (e) FHA; (f) BM
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zones of both samples, with QTJs displaying bimodal 
characteristics and QFJs showing a unimodal structure. 
The presence of Al in the THA and FHA zones may 
be attributed to Al2O3 inclusions that result from alu‐
minum thermal reactions and environmental pollut‐
ants, respectively. Additionally, a manganese–oxygen 
(Mn–O)-coupled enrichment region was identified in 
the FWB zone, indicating a significant spatial correla‐
tion between these two elements.

In Section 2.2.3, we demonstrated that crack inter‐
weaving is an important process in crack propagation, 
typically occurring in the transition zone of QFJ speci‐
mens. To further analyze the impact of the element 
distribution in the transition zone on crack propaga‐
tion, EDS surface scans were performed. Specifically, 
Fig. 10a shows an electron micrograph, Fig. 10b shows 
an EDS layered image, and Figs. 10c–10f are distribu‐
tion maps of Fe, O, C, and Al elements, respectively. 
In these maps, brighter colors indicate a higher con‐
centration of elements, while darker colors indicate a 
lower concentration. One can see that there is signifi‐
cant enrichment of oxygen within the crack, and the 
ferrite in the pearlite structure undergoes a series of 
chemical reactions with this oxygen, resulting in the 
deposition of Fe2O3 inclusions inside the crack. Under 
the action of cyclic loading, these inclusions may induce 

stress concentration within the crack, thereby exacer‐
bating crack propagation. Previous studies on the de‐
position of carbides in the subsurface of steel rails 
have shown that such deposition can negatively affect 
the material’s uniformity and resistance to plastic de‐
formation (Wang K et al., 2024b). Furthermore, the 
difference in electrochemical potential between car‐
bides and ferrites in the steel rail can lead to localized 
galvanic corrosion, accelerating crack propagation 
(Wang K et al., 2024b). Consequently, we investigated 
the distribution of elemental carbon (C) within the 
cracks of the transition zone, as illustrated in Fig. 10e. 
The low content of carbon within the crack suggests 
that its role in accelerating crack propagation is mini‐
mal. The low carbon content may be attributed to the 
diffusion and redistribution of carbon elements caused 
by the plastic deformation of the rail’s subsurface under 
cyclic loading.

3.2 Crystal structure and damage difference

Fig. 11 presents an inverse pole figure (IPF) of the 
TWJs and FWJs following LPQ treatment. The black 
and white lines in the figure denote high-angle grain 
boundaries (HAGBs, >15°) and low-angle grain bound‐
aries (LAGBs, 2°–15°), respectively. The figure reveals 
that the grain size in the quenching zone is relatively 

Fig. 10  EDS surface scans of cracks in the transition zone of the QFJ specimen: (a) scanning electronic image; (b) EDS 
layered image; (c–f) distribution diagrams of Fe (c), O (d), C (e), and Al (f)
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small compared to that in the substrate. The average 
grain sizes in the quenching zone for the four regions 
(TWB, THA, FWB, and FHA) are (1.93±0.57) μm, 
(1.63±0.46) μm, (2.04±0.60) μm, and (1.90±0.53) μm, 
respectively, indicating a high degree of uniformity. 
Furthermore, the quenching zone exhibits a higher den‐
sity of HAGBs compared to the substrate. The increase 
in HAGBs is often associated with grain refinement, 
as the formation and increasing presence of HAGBs 
are typically linked to recrystallization, a process that 
can lead to grain refinement. Previous studies on grain 
refinement and fatigue performance have demonstrated 
that grain refinement reduces stress concentration and 
promotes deformation uniformity by increasing the 
grain boundary area, thereby inhibiting the initiation of 
fatigue cracks at the grain boundaries (Zhao P et al., 
2021). Additionally, the intricate and complex mor‐
phology of grain boundaries can effectively impede 
crack propagation, ultimately leading to a significant 
improvement in the fatigue performance of the material 
(Zhao P et al., 2021). The above statement explains the 

conclusion in Section 2.2.3 regarding LPQ suppressing 
crack propagation.

Fig. 11 illustrates that the proportions of HAGBs 
in the TWB, THA, FWB, and FHA zones are 39.7%, 
52.8%, 52.8%, and 58.8%, respectively, which presents 
an overall distribution law of “HA>WB” and “QFJs>
QTJs”. The atomic arrangement at HAGBs is relatively 
disordered with many lattice defects, which makes the 
chemical bonds at the grain boundaries weak and prone 
to stress concentration. Furthermore, atomic diffusion 
and slip easily occur at HAGBs, leading to a reduction 
in the toughness of the material. Consequently, when 
subjected to external forces, cracks are more likely to 
propagate along HAGBs. This explains why the HA 
zone of the same joint experiences more severe damage 
compared to the WB zone after quenching treatment, 
while the damage in the QFJs (with a crack length of 
approximately (520±40) μm) is more serious than that 
in the QTJs (crack length of (50±20) μm).

According to previous research, the dislocation 
motion induced by cyclic loading is the primary driving 

Fig. 11  IPF maps of QTJs and QFJs in different zones: (a) TWB; (b) THA; (c) FWB; (d) FHA
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force behind fatigue failure (Gallo et al., 2022; Sallaba 
et al., 2022). Under alternating stress, dislocations accu‐
mulate at grain boundaries and second-phase particles, 
forming localized stress concentrations; this promotes 
the formation of slip bands and may directly induce 
microcracks. With the continuous action of cyclic loads, 
the slip bands continue to widen and deepen, interact‐
ing with one another and deteriorating the material’s 
internal microstructure (Maich et al., 2024). When dis‐
location motion and slip bands develop to a certain ex‐
tent, stress-induced atomic migration and redistribution 
within the material result in the formation of vacancy 
defects. These atomic-scale vacancies evolve into mi‐
crocracks through aggregation and merging. Initially, 
microcracks grow within the same grain but later prop‐
agate across grain boundaries toward adjacent grains, 
ultimately leading to macroscopic fatigue damage.

The extent of material damage can be character‐
ized by the dislocation density (Wang et al., 2023a). 
Based on the work of Tan et al. (2024), the distribu‐
tion of kernel average misorientation (KAM) can serve 
as a quantitative indicator of geometrically necessary 

dislocation (GND) density. Thus, the KAM value is pos‐
itively correlated with material fatigue damage. The ex‐
periments in Section 2 showed that the fatigue damage 
of QTJs/QFJs is primarily confined to the quenching 
zone; this aligns with the observations from Fig. 12, 
where the KAM value in the quenching zone is signif‐
icantly higher than that of the matrix material. Tabaie 
et al. (2021) found that reducing welding heat input can 
suppress the dynamic recrystallization (DRX) process, 
leading to increased KAM values along the original 
grain boundaries and within the grains. As a result, QFJs 
exhibit higher KAM values than QTJs. High-density 
dislocations can enhance resistance to fatigue crack 
propagation, providing a theoretical explanation for 
the observed differences between QFJs and QTJs in 
terms of quenching-zone damage (Li et al., 2022).

Of course, real outdoor environments are much 
more complex than laboratories. Our experiments did 
not consider factors such as the vibration of the wheel–
rail system, the nonlinear characteristics of wheel loads, 
and the variability of weather, which may result in 
inaccuracies when applying the findings to practical 

Fig. 12  KAM maps of QTJs and QFJs in different zones: (a) TWB; (b) THA; (c) FWB; (d) FHA
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scenarios (Wang et al., 2025). Therefore, further work 
should be conducted on a full-size test bench or in 
field tests, considering the coupling effect of environ‐
mental and train loads.

4 Conclusions 

The fatigue damages of on-site TWJs and FWJs 
were compared and analyzed. Subsequently, we ex‐
plored the influence of LPQ on the wear resistance and 
fatigue resistance of these two types of joints through 
a dual disc test. Finally, based on analysis of the ele‐
ment distribution and crystal structure in the quench‐
ing zone, we elucidated the wear mechanisms and dif‐
ferences in damage between QTJs and QFJs. There 
are some meaningful observations in this study, which 
are presented as follows:

1. The LPQ process was revealed to significantly 
enhance the wear resistance of FWJs, reducing the 
wear mass by 78%–85%. In contrast, following LPQ 
treatment, the TWJs exhibited increased wear due to 
internal defects, such as pores and inclusions.

2. LPQ can also suppress the formation of cracks 
in welded joints. Crack propagation in the QTJ is gov‐
erned by the SDIC mechanism, which displays char‐
acteristics of deflection trajectory and branching prop‐
agation. QFJ is associated with two mechanisms—
SOFC and SDIC—and its crack propagation exhibits 
multi-mode coupling characteristics of B-C-D.

3. Significant oxidative corrosion occurs within 
the cracks of the transition zone in QFJ. The observed 
fluctuations in iron (Fe) and oxygen (O) contents are 
associated with the spalling of the surface oxide layer 
of the specimen, while the fluctuation of carbon (C) is 
linked to the solid solution and precipitation of car‐
bides during the quenching process.

4. The difference in the density of HAGBs and 
dislocations explains why the fatigue damage in the 
HA zone is more severe than that in the WB zone for 
the same joint, while the damage in QFJs is greater 
than that in QTJs.
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