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Abstract 
 

This paper proposes a rail surface heat treatment method to mitigate wear and fatigue 

damage. Discrete quenching is first applied to the rail surface using a high-energy 

plasma beam, producing a high-hardness hardened layer. Subsequently, ageing 

treatment is carried out at 270 °C to achieve a smooth hardness transition between the 

hardened layer and the rail substrate. Microscopic observations show that, after 

quenching, the microstructure within the hardened layer consists of high-strength and 

high-hardness acicular martensite, with a hardness reaching 2.3 times that of the 

pearlitic substrate. After low-temperature ageing, carbide precipitation occurs within 

the martensite, and the microstructure transforms into tempered martensite. Combined 

electron backscatter diffraction analysis indicates that, after ageing treatment, lattice 

distortion and dislocation density at the boundary of the hardened layer decrease, 

thereby improving the deformation compatibility between the hardened layer and the 

substrate. Twin-disc wheel-rail test results show that rail wear is reduced by more than 

50% after quenching. Meanwhile, the ageing treatment effectively prevents severe 

fatigue cracking in quenched rails. After the heat treatment, both wear and fatigue 

crack damage of the rail are alleviated, significantly extending the service life of the 

rail. 
 

Keywords: rail, discrete quenching, low-temperature ageing, gradient hardening, 

wear resistance, fatigue toughness. 
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1  Introduction 
 

Rails are key infrastructure components in railway systems. On the one hand, rails are 

in direct contact with wheels and bear the loads transmitted by trains. On the other 

hand, rails provide guidance for train operation and ensure the running direction. 

Under train loading, rail surfaces are prone to wear and rolling contact fatigue cracks. 

These forms of damage intensify the wheel–rail interaction [1], affecting train running 

stability and the service life of rails. In severe cases, they may lead to safety accidents 

such as derailment [2]. Therefore, mitigating rail wear and fatigue damage is of great 

significance for extending rail service life and ensuring safe railway operation. 
 

A variety of methods are proposed to extend the service life of rails, including 

wheel–rail profile grinding [3], laser cladding [4], and surface quenching [5]. These 

approaches effectively mitigate rail damage. Among them, rail surface quenching is a 

heat treatment method characterised by low energy consumption, high efficiency, and 

controllable cost [5], and it has attracted extensive research attention in recent years. 
 

Rail surface quenching utilises the austenitic phase transformation and the 

martensitic phase transformation of the pearlitic substrate to generate discretely 

distributed hardened layers [6]. By utilising the high strength and high hardness of the 

martensitic microstructure, rail wear is reduced. Existing studies show that the wear 

resistance of rails after quenching treatment increases by more than twofold [7]. 

Although the improvement in rail wear resistance after quenching is widely confirmed 

[8], owing to the large hardness difference between the martensitic microstructure in 

the hardened layer and the pearlitic microstructure of the substrate, pronounced 

fatigue cracks are prone to occur at the edges of the hardened layer [9]. This hardness 

difference is considered to be the key factor leading to crack initiation [10]. 
 

In recent years, a small number of researchers focus on the hardness difference 

between the hardened layer and the substrate and propose methods such as induction-

assisted laser quenching [11] and laminar plasma tempering [12] to mitigate fatigue 

damage at the edges of the hardened layer. These methods mainly apply secondary 

heating to the hardened layer at temperatures above 400 °C, thereby reducing the 

hardness difference between the hardened layer and the substrate. However, the 

reasons and mechanisms responsible for hardness reduction and damage mitigation 

after repeated heat treatment still require further investigation, and the reduction in 

hardness also has an adverse effect on the improvement of wear resistance. At the 

same time, a secondary heating temperature of 400 °C is relatively high, which is 

unfavourable for the control of energy consumption and cost. 
 

In our study, a combined heat treatment method employing discrete surface 

quenching and low-temperature ageing is proposed. Ageing treatment is applied to 

the hardened layer after discrete quenching at a temperature of 270 °C, thereby 

reducing the hardness difference between the hardened layer and the substrate. The 

microstructures of the hardened layer after quenching and after low-temperature 

ageing are respectively characterised, and the crystallographic characteristics at the 

edge of the hardened layer are analysed, revealing the mechanism by which low-
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temperature ageing leads to hardness reduction. Combined with twin-disc wheel–rail 

tests, the effects of discrete quenching and low-temperature ageing on rail wear and 

fatigue damage are investigated. This research provides theoretical support for the 

application of heat treatment technologies in extending rail service life. 
 

2  Methods 
 

The materials used in the experiments are taken from CL60 railway wheels and U75V 

rails and are machined into discs with a diameter of 60 mm for twin-disc wheel–rail 

testing. First, rail specimens are subjected to quenching treatment using a laminar 

plasma beam, with the plasma power set to 6 kW and the processing time uniformly 

controlled at 0.35 s. Discretely distributed hardened layers are formed on the specimen 

surface, with a hardened layer diameter of 5.5 mm and a depth of 0.9 mm, arranged 

regularly at a spacing of 3 mm. Subsequently, the rail specimens are placed in a 

furnace at 270 °C for ageing treatment, with a holding time of 120 min. In this study, 

a total of three groups of wheel–rail specimens are prepared for comparison, while the 

material source and treatment of the wheel specimens remain unchanged. The rail 

specimens are designated as No. 1 (without heat treatment), No. 2 (discrete surface 

quenching), and No. 3 (low-temperature ageing after discrete surface quenching). 
 

To evaluate the degree of wear and fatigue damage of rails after discrete quenching 

and low-temperature ageing, the three groups of wheel–rail specimens are subjected 

to rolling contact friction and wear tests on a twin-disc testing machine. The test 

parameters are determined according to the geometric and stress conditions of the 

Hertzian simulation criterion. The applied load is 5280 N, the slip ratio is 5%, and the 

total number of cycles is set to 200,000 revolutions. Figure 1 presents the specimen 

processing procedure and the details of the twin-disc tests. 
 

 
 

Figure 1: Experimental procedure: (a) specimen dimensions; (b) discrete surface 

quenching of the rail specimen; (c) temperature variation curve during low-

temperature ageing treatment; (d) twin-disc wheel–rail test. 
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Before the tests, the microstructure of the hardened layer is observed using an 

optical microscope (OLS5100, OLYMPUS, Japan) and a scanning electron 

microscope (JSM-IT500, JEOL, Japan). At the same time, electron backscatter 

diffraction is employed to characterise the grain orientation at the boundary of the 

hardened layer. After the tests, the weight loss of the rail specimens is calculated as 

an indicator for evaluating wear. The specimen surface and the section along the 

rolling direction are cut to obtain small samples with dimensions of 5 × 5 × 3 mm. 

After grinding, polishing, and etching, the fatigue damage on the specimen surface 

and sections is examined using optical microscopy and scanning electron microscopy. 
 

3  Microstructure of Rails after Heat Treatment 
 

Changes in microstructure are the fundamental reason for variations in mechanical 

properties and damage characteristics of materials. Optical microscopy (OM) and 

scanning electron microscopy (SEM) are first used to characterise the microstructures 

of the three rail specimens subjected to different treatments, as shown in Figure 2. 

Figure 2(a) shows the microstructure of the specimen without heat treatment, which 

appears as lamellar pearlite composed of alternating ferrite and cementite under high-

magnification SEM, representing the typical microstructural characteristic of U75V 

rail steel.  
 

 
 

Figure 2: Microstructures of rail specimens: (a) SEM image of specimen No. 1; (b) 

OM image of specimen No. 2; (c) SEM image of specimen No. 2; (d) SEM image of 

specimen No. 3. 
 

Figure 2(b) shows the morphological features of the hardened layer observed under 

low-magnification OM. After quenching, a crescent-shaped hardened layer forms on 

the rail surface, and a clear boundary exists between the hardened layer and the 

substrate due to their different corrosion resistance. Figure 2(c) presents the 

microstructure of the hardened layer observed under high-magnification SEM. During 

quenching, the original pearlitic substrate undergoes rapid heating and cooling, 

leading to austenitic transformation followed by martensitic transformation. The 
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microstructure within the hardened layer consists of acicular martensite with 

randomly distributed orientations, together with a small amount of retained austenite. 

Owing to the rapid cooling process, supersaturated carbides remain within the 

martensite without sufficient precipitation, resulting in significantly higher strength 

and hardness of the martensitic microstructure compared with the pearlitic substrate. 

Figure 2(d) shows the high-magnification SEM image of the hardened layer after low-

temperature ageing treatment. After low-temperature ageing, the acicular martensite 

in the hardened layer decomposes and transforms into finer tempered martensite, 

while part of the supersaturated carbides precipitates. This microstructural evolution 

leads to a reduction in hardness and an improvement in toughness. 
 

To better understand the influence of ageing treatment on the mechanical properties 

of the hardened layer, EBSD analyses are conducted on the hardened layer and at the 

boundary of the hardened layer, as shown in Figure 3. Figures 3(a) and (b) present the 

dislocation density distribution within the hardened layer. After quenching, the 

dislocation density inside the hardened layer is relatively high, indicating that the 

material exhibits high strength and hardness with limited deformability. After low-

temperature ageing treatment, the dislocation density within the hardened layer 

decreases, leading to a reduction in material strength and hardness, while the plastic 

deformation capability is enhanced. Figures 3(c) and (d) show the KAM maps at the 

boundary of the hardened layer, which reflect the degree of lattice distortion. After 

quenching, severe lattice distortion is observed at the hardened layer boundary, 

indicating that cracks are prone to initiate in this region. After low-temperature ageing 

treatment, the degree of lattice distortion at the hardened layer boundary decreases, 

indicating that ageing treatment improves the material toughness. 
 

 
 

Figure 3: EBSD results of rail specimens: (a) GND density map of specimen No. 2; 

(b) GND density map of specimen No. 3; (c) KAM map of specimen No. 2; (d) 

KAM map of specimen No. 3. 
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To visually illustrate the effect of low-temperature ageing on material hardness, 

the hardness distribution along the depth direction at the centre of the hardened layer 

on the rail longitudinal section is measured, as shown in Figure 4. After quenching, 

the hardness of the hardened layer increases significantly, reaching 880 HV0.5, which 

is 2.3 times that of the pearlitic substrate (380 HV0.5). This is mainly attributed to the 

solid solution within the martensite and the high dislocation density. Meanwhile, at 

the boundary of the hardened layer, the hardness decreases rapidly. Under conditions 

of a large hardness difference and severe lattice distortion, fatigue cracks are prone to 

initiate at the boundary. After low-temperature ageing treatment (Figure 4(b)), the 

hardness of the pearlitic substrate remains unchanged, while the hardness of the 

hardened layer decreases. This is mainly due to the refinement of the martensitic 

microstructure and the reduction in dislocation density. As a result, the hardness 

difference at the boundary of the hardened layer is reduced, which helps to alleviate 

fatigue damage at the hardened layer boundary. 

 

 
 

 
 

Figure 4: Hardness distribution of the hardened layer along the depth direction: (a) 

specimen No. 2; (b) specimen No. 3. 
 
 

 

4  Results 
 

To determine the effects of low-temperature ageing treatment on rail wear and fatigue 

damage, the weight loss of the rail specimens before and after the tests is measured, 

and OM and SEM are used to observe the surface and sectional morphologies and 

crack characteristics of the rail specimens. Figure 5 presents the weight loss of the rail 

specimens. After quenching, the rail specimen (No. 2) shows a weight loss reduction 

of 59.7%, indicating that quenching heat treatment significantly improves rail wear 

resistance. This is mainly attributed to the acicular martensitic microstructure in the 

hardened layer, which exhibits much higher hardness than the pearlitic substrate. After 

low-temperature ageing treatment (No. 3), the weight loss of the rail increases due to 

the reduction in material hardness. However, compared with the untreated rail 

specimen (No. 1), the weight loss still decreases by 40.7%. This indicates that, after 

quenching combined with low-temperature ageing treatment, the wear resistance of 

the rail is still significantly improved. 
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Figure 5: Weight loss of rail specimens. 
 

Figure 6 presents SEM images of the surface morphologies of the rail specimens. 

For the untreated rail specimen (No. 1), the surface exhibits lamellar spalling, which 

is mainly generated under the repeated action of wheel–rail contact stress and shear 

stress. After quenching treatment (No. 2), large spalling pits appear at the boundary 

of the hardened layer, accompanied by a large number of lateral cracks. This is mainly 

due to the large hardness difference between the hardened layer and the substrate, 

which leads to deformation incompatibility on both sides and consequently results in 

severe fatigue damage. After low-temperature ageing treatment (No. 3), the reduction 

in hardness leads to a smoother transition on both sides of the hardened layer, and no 

obvious material detachment or severe lateral cracks are observed at the boundary. 

The surface morphologies of both the hardened layer and the substrate exhibit lamellar 

spalling, indicating that low-temperature ageing treatment improves the rolling 

contact fatigue toughness of the material. 
 

 
 

Figure 6: Surface morphologies of rail specimens: (a) specimen No. 1; (b) specimen 

No. 2; (c) specimen No. 3. 
 

Furthermore, Figure 7 shows the rolling contact fatigue damage characteristics on 

the longitudinal sections of the rail specimens along the rolling direction. For the 

untreated rail specimen (No. 1), under the repeated action of contact stress and shear 

stress, plastic deformation occurs in the surface pearlitic microstructure, with an 
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affected depth of 58.6 μm and a direction along the rolling direction. Meanwhile, 

rolling contact fatigue cracks appear at the rail surface, and the cracks propagate into 

the interior at an angle of 8.4°, with a depth of 10.7 μm. For the quenched rail 

specimen (No. 2), severe spalling and vertical cracks appear at the boundary of the 

hardened layer, while no obvious plastic deformation is observed on the surface of the 

hardened layer. Due to the large hardness difference between the hardened layer and 

the substrate, the deformation coordination ability at the boundary is weak, resulting 

in significant impact and stress concentration at the boundary and leading to crack 

initiation. At the same time, the hardened layer exhibits high dislocation density and 

severe lattice distortion, with poor deformability, causing cracks to propagate into the 

rail interior at angles of 70°–90°. The crack depth reaches 393.3 μm. When cracks 

propagate to the boundary, owing to the good toughness of the pearlitic substrate, 

crack deflection occurs at the boundary, and the cracks propagate along the boundary. 

Subsequently, when cracks intersect and coalesce, large-area spalling occurs. After 

low-temperature ageing treatment (No. 3), the hardness difference and lattice 

distortion at the boundary are reduced, and the deformation coordination ability is 

improved. No obvious vertical cracks or spalling are observed at the hardened layer 

boundary. In addition, due to the reduction in dislocation density and the enhancement 

of deformability in the hardened layer, a plastic deformation zone with a depth of 25 

μm is observed near the surface of the hardened layer, together with inclined cracks 

propagating inward at angles of 10°–13°, with a depth of 9.1 μm. The rolling contact 

fatigue crack characteristics are essentially consistent with those of the untreated 

specimen (No. 1), indicating that the fatigue toughness of the material is improved 

after low-temperature ageing treatment. 
 

 
 

Figure 7: Crack characteristics on the longitudinal sections of rail specimens: (a) 

specimen No. 1; (b) specimen No. 2; (c) specimen No. 3. 
 

5  Conclusions and Contributions 
 

In this study, in order to improve the wear resistance of rails while maintaining a 

certain level of fatigue toughness, a synergistic heat treatment method combining 

discrete surface quenching and low-temperature ageing is proposed. Discretely 

distributed hardened layers are introduced by surface quenching to mitigate rail wear. 

Low-temperature ageing treatment is further applied to reduce the hardness difference 

between the hardened layer and the substrate, thereby alleviating fatigue damage. 

According to the results of this study, after quenching, the hardened layer exhibits an 

acicular martensitic microstructure with high hardness and high dislocation density, 
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and a hardness difference of 500 HV0.5 exists at the boundary of the hardened layer, 

accompanied by severe lattice distortion. After low-temperature ageing treatment, 

solute precipitation occurs within the martensite, and the hardness and dislocation 

density decrease, while the hardness difference and lattice distortion at the boundary 

are alleviated. The twin-disc test results show that the application of this combined 

heat treatment method reduces rail weight loss by 40.7%. Meanwhile, the extensive 

cracking and spalling observed at the hardened layer boundary are mitigated, and the 

damage of the hardened layer manifests as rolling contact fatigue inclined cracks 

similar to those in the substrate. 
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