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Abstract 
 

This study investigates the impact of low-temperature annealing treatment at 200 

degrees Celsius on the wear resistance and mechanical properties of eutectoid pearlitic 

steel, commonly used in railway applications. Our research primarily focused on 

understanding the microstructural changes and their correlation with mechanical 

hardness and wear resistance. Microhardness testing indicated that the hardness of the 

initial pearlitic microstructure increased from 370 HV to 400 HV following the low-

temperature annealing treatment. This increase in hardness was linked to a substantial 

improvement in wear resistance, evidenced by a 27 percent decrease in wear rate. 

High-resolution Transmission Electron Microscopy analysis post-treatment revealed 

the emergence of nanoscale transition carbides. These needle-type transition carbides, 

with a hexagonal structure, contributed to an increased hardness of the pearlitic 

structure. Our findings suggest that the low-temperature annealing process not only 

enhances the hardness and wear resistance of pearlitic steel but also induces 

favourable microstructural changes that could significantly extend the service life of 

railway components. 
 

Keywords: pearlitic steel, nanoscale carbide formation, wear resistance 

improvement, rail steel durability, rail, movable crossing. 
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1  Introduction 
 

 

Railways, integral to global transportation due to their efficiency and safety, face 

increasing challenges as train speeds and axle loads grow. A key concern in this 

context is the durability of wheel and rail steels, particularly under the stresses of 

rolling contact fatigue (RCF) [1]. This fatigue often leads to significant material 

degradation and potential failure, posing serious operational and safety risks. In this 

environment, the performance of pearlitic steels, widely used in rail construction due 

to their strength and cost-effectiveness, is of paramount importance. The wear 

resistance of these steels is critical, especially as they are continually subjected to 

high-stress conditions. This resistance is not solely a matter of hardness but involves 

complex interactions at the microstructural level [2, 3]. As trains evolve to meet 

modern transportation demands, the need for more resilient railway materials becomes 

increasingly urgent. This study focuses on understanding and improving the wear 

resistance of pearlitic steel, aiming to extend the life and enhance the safety of railway 

components. 

This study aims to rigorously examine and confirm the enhancement of wear 

resistance in pearlitic steel, a material extensively utilized in rail applications, through 

a novel low-temperature (200°C) heat treatment as proposed by Tressia et al. [7] in 

2020. Despite extensive research efforts in metallurgy, achieving an optimal balance 

between hardness and toughness in pearlitic steel, particularly under the high-stress 

conditions experienced in railway environments, continues to pose a significant 

challenge. Our research hypothesizes that the formation of nanoscale transition 

carbides at this low temperature is instrumental in achieving substantial improvements 

in wear resistance. To substantiate this hypothesis, we have conducted a 

comprehensive set of microstructural analyses, including Scanning Electron 

Microscopy (SEM), Transmission Electron Microscopy (TEM), Selected Area 

Electron Diffraction (SAED), to verify the presence of these transition carbides. 

Additionally, we have correlated these microstructural changes with mechanical 

properties to elucidate their impact on the steel's wear and mechanical behavior. Our 

innovative approach seeks to bridge a critical knowledge gap in the field by 

demonstrating how the strengthening effects of nanoscale transition carbides can 

impede carbon migration and prevent the formation of brittle white etching layers, 

thereby enhancing the mechanical resilience of pearlitic steel. The low-temperature 

heat treatment method, validated through our extensive testing, is anticipated to not 

only improve wear resistance but also preserve rail integrity by avoiding 

embrittlement issues. The successful application of this treatment has the potential to 

significantly extend the durability of rails and other pearlitic steel components in 

railway systems, addressing a crucial need that has remained unfulfilled in prior 

academic endeavors.  
 

2  Methods 
 

Pearlitic rail steels with the chemical composition presented in Table 1 were 

subjected to heat treatment in an electric furnace at a temperature of 200°C for 30 min. 

The cooling was carried out in the air. Pins for wear tests were extracted from the rail 
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head, from rails with and without heat treatment, at a distance of 5 mm from the top 

to ensure a better microstructural homogeneity. 
 

 

 C Mn Cr Ni Si V Mo Fe 

Rail steel (pin) 0.81 1.02 0.22 0.03 0.21 - - Bal. 

H-13 steel (disc) 0.48 0.41 5.08 0.28 0.11 1.05 1.15 Bal. 

 

Table 1. Chemical composition of the rail steel (pin) and H-13 steel (disc), wt.% 

To assess the sliding wear of the specimens, we conducted laboratory tests using a 

pin-on-disc setup. Pins with a 5 mm diameter were derived from rail samples. Discs 

were fabricated with H-13 steel with a hardness of 600 HV; their chemical 

composition is detailed in Table 1. The choice of H-13 steel was informed by its robust 

thermal fatigue resistance, superior microstructural and hardness stability; it maintains 

its properties throughout the testing period, thereby effectively narrowing down the 

variables within the tribosystem. The sliding wear was set at a speed of 0.2 m/s, and 

the normal load was maintained at 100 N and the test was conducted for 60 min. Each 

condition was tested in triplicate. The friction force was measured during the test using 

a load cell. The coefficient of friction (COF) was obtained by the ratio between the 

friction force and normal load. Before and after the sliding wear tests, the samples 

were cleaned in an ultrasonic alcohol bath for 10 min, dried and weighed on an 

accurate electronic balance. The mass loss was obtained by the difference in mass of 

the samples before and after the tests. The dimensionless wear coefficient (K) of the 

pin was determined by the Archard wear equation, where Q is the volume worn per 

unit of sliding distance, W is the normal load and H is the hardness of the pin (softer 

surface of the tribosystem) [equation (1)].  

𝑄 =
𝐾𝑊

𝐻
                (1) 

The volume worn of the pins was obtained by the ratio between the mass loss and 

the sample density (7.86 g/cm3). The microstructure and wear surfaces of the samples 

were examined using SEM. To measure the interlamellar spacing, we employed 

ImageJ software [11] on SEM images at a magnification of 50,000x. The 

microhardness was determined using the Vickers HV0.1 method, applying a test force 

of 0.980N. The measurement was repeated five times. The microstructural 

characterization of samples, both pre and post-heat treatment, was carried out using a 

transmission electron microscope (TEM - Tecnai G2-20 - FEI SuperTwin operating 

at 200 kV).  

Dynamic Mechanical Analysis (DMA) was employed to obtain the internal friction 

spectrum of the samples with and without (as received) heat treatment. The used 

equipment was a Areva Metravib DMA-25 and samples with dimensions of 30×4×1 

mm were used. The temperature range was between 150 K and 470 K, with a heating 

rate of 1 K/min. 

Tensile tests were performed on both treated and untreated samples using an 

Instron model 3369 testing machine. In order to evaluate the structural integrity of the 
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rails following heat treatment, samples of 1.5-meter-long rails were subjected to a 4-

point bending fatigue test. The tests were conducted in accordance with the standard 

EN 14587-1:2018 [13], which is used to evaluate welded rails. The application of the 

minimum and maximum cyclic loading was 110 kN and 450 kN, respectively, at a 

frequency of 5 Hz for a total of 2,000,000 cycles. The test was deemed successful if 

the sample withstood 2,000,000 cycles. 

 

 

3  Results 
 

A direct comparison of wear characteristics between the initial pearlitic and low-

temperature annealed specimens is presented in Figure 1. The coefficient of friction 

(COF) trends (Figure 1a) for both as-received and annealed samples. Notably, the 

average COF was lower for the annealed samples (0.5±0.05) compared to the initial 

pearlitic structure (0.6±0.05). This difference is attributed to the increased hardness in 

the annealed samples, which reduces the frictional forces by mitigating adhesion and 

plastic deformation. Meanwhile, it is noted that microhardness test revealed that the 

hardness of the initial pearlitic microstructure increased from 370 ± 10 HV to 400 ± 

15 HV following low-temperature annealing treatment at 200°C. Tressia et al. [7] also 

observed a similar trend, reporting a reduction in dislocation density in pearlitic rail 

steel post annealing at 200 ºC, which contributed to an improved deformation 

capacity. 

Furthermore, the higher hardness of the annealed specimens effectively reduced 

the generation of wear debris and decreased the wear rate. This reduction is 

quantitatively demonstrated by a 27% decrease in wear rate and a lowering of the 

Archard wear coefficient (Figure 1b). These results collectively underscore the 

increased wear resistance imparted by the low-temperature annealing treatment, 

suggesting that such treatment induces beneficial microstructural changes, resulting 

in a material that is more robust and suitable for applications where wear resistance is 

crucial. 

SEM images (Figure 2a and 2b) reveal the surface morphology of the as-received 

pearlitic specimen post-wear testing. This specimen, characterized by its inherently 

lower hardness, exhibited heightened susceptibility to wear. The SEM images show 

adhesion marks and material transfer (black arrows) and oxidized regions (blue 

arrows). The predominant wear mechanisms identified were plastic deformation, 

abrasion marks, and adhesion joint formation, which are attributed to the high contact 

pressure on asperities and the presence of hard abrasives, such as debris and oxides. 

EDS mapping (Figures 3c-e) underscores the significant presence of iron oxide on the 

specimen's worn surface. The sliding motion increased the accumulation of wear 

debris, intensifying the oxidation layer and contributing to material removal. This 

process resulted in a discontinuous oxide layer on the contact surface, which reduced 

direct metal-to-metal contact. Elevated temperatures from frictional heating were key 

in accelerating the formation of this oxide layer [14, 15]. Importantly, no direct 

correlation was found between the wear mechanism and mass loss. The observed 

adhesive wear manifested in the tearing and fragmentation of the worn surface, with 

asperities undergoing work hardening and eventually becoming wear debris. 
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Figure 1:  Comparison of COF  (a) and wear rate (b). 

SEM images (Figure 3a and b) reveal the worn surface of the low-temperature 

annealed specimen. Marked with black arrows, adhesion marks, adhesion joints, and 

material transfer are visible, while blue arrows highlight oxidized areas. Despite 

similar wear mechanisms to the as-received specimen, the annealed specimen 

exhibited enhanced wear resistance. This improvement is attributed to its increased 

hardness, which resulted in a reduced susceptibility to wear. 

 

 

 
Figure 2: Worn surface of an as-received sample after the wear test observed by 

SEM (a) 100x, (b) 500x, (c) region of EDS mapping with backscattered electrons, 

(d) Fe mapping and (e) O mapping. 

 

 

The formation of oxide layers on sliding surfaces within tribological systems 

presents a nuanced behavior towards the COF. These layers can increase the COF due 

to their inherent abrasive characteristics; however, a uniformly formed oxide layer 

might act as a protective barrier that minimizes metal-to-metal contact, thus 

potentially lowering the COF. This effect is particularly noticeable in specimens that 

have undergone low-temperature annealing, which likely promotes more consistent 

oxide layer formation and contributes to a lower COF. The adherence and integrity of 

these oxide layers are crucial as loosely bound layers may detach, increasing debris 

and adversely impacting the COF [16].  
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Figure 3. Worn surface of the low-temperature annealed specimen. 

 

 

 

 

Figure 4 illustrates the engineering stress-strain curves for both the initial pearlitic 

and low-temperature annealed specimens. The annealed sample exhibited a yield 

strength increase of approximately 21% (from 720 ± 20 MPa to 875 ± 25 MPa), 

contrasted with a minor reduction in total elongation (from 12.1 ± 1.3 to 11.6 ± 1.5). 

This strength enhancement is primarily could be attributed to the formation of 

nanoscale epsilon carbides, identified in our TEM analysis, which also contribute to 

the slight decrease in ductility by impeding dislocation movement. 

Resilience, measured as the area under the stress-strain curve up to the elastic limit, 

increased from 9.648 N.mm-3 in the initial pearlitic specimen to 10.172 N.mm-3 post-

annealing, indicating an enhanced ability to absorb energy elastically. Additionally, 

the tensile fracture energy, representing the combination of material resistance and 

total elongation, remained consistent at around 105 ± 5.0 N.mm-3 for both specimens 

[17]. This consistency suggests that the low-temperature annealing improves strength 

without significantly compromising the material's overall toughness. 

SEM micrographs in Figure 5a and 5b depict the microstructure of the as-received 

pearlitic steel, characterized by alternating lamellar patterns of ferrite (dark contrast) 

and cementite (bright contrast). This layered structure is crucial for the mechanical 

properties and wear resistance of rail steel, as they are highly influenced by 

interlamellar spacing and pearlite colony size [18–20].  
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Figure 4: Engineering stress-strain curves of initial pearlite and low-temperature 

annealed specimens. 

 

 

 

 

 
Figure 5: SEM micrographs of an as-received pearlitic specimen (a) and (b). 

 

 

 

 

TEM images of an as-received pearlitic rail steel specimen are presented in Figure 

6a and b, highlighting the distinct contrast between the soft ferritic matrix and the hard 

cementite. This contrast facilitates the identification of alternating lamellar ferrite and 

cementite layers. Pearlitic structures exhibit interlamellar spacing that can be reduced 

to less than 100 nm through accelerated cooling, compared to spacings greater than 

200 nm following conventional air cooling in rail steels [23]. Figure 6c displays a 

microstructure of the as-received specimen, with electron diffraction patterns 

indicating the ferritic and cementite phases. The high carbon content of 6.68 wt% in 

the cementite phase is shown in Figure 9d and e. Diffusion eutectic transformation 

during heat treatment leads to a more homogeneous carbon distribution in the 

microstructure, resulting in more ductile cementite in the heat-treated specimen 

compared to the as-received specimen. 
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Figure 6. TEM images of the microstructure of an as-received (a) , (b) region 

highlighted in blue in (a) without transition carbides, (c) microstructure of other 

regions of the specimen, and diffraction patterns of the (d) NBD of ferrite region and 

(e) CBED of cementite. 

SEM micrographs (Figure 8a and b) of pearlitic steel annealed at 200°C for 30 

minutes reveal the characteristic ferrite and cementite lamellae colonies, showing no 

notable changes post-treatment. Low-temperature tempering is known to promote 

Cottrell atmosphere saturation and diminish solute carbon content through the gradual 

precipitation of transition carbides [33]. Krauss et al. [34] confirmed the precipitation 

of fine transition carbides during tempering between 150-200°C, which enhances 

mechanical resistance by limiting dislocation glide [35]. 

 
Figure 8: (a) and (b) SEM micrographs of pearlite heat-treated at 200°C for 30 

min 

High-resolution TEM images (Figure 9a-c) post heat treatment at 200°C for an 

hour highlight the emergence of nanoscale transition carbides, indicating the 

coexistence of ferrite and cementite. Particularly, Figure 9b shows these nanoscale 

carbides (marked by a black arrow), consistent with observations by Gutierrez et al. 

[36]. TEM analysis reveals needle-type transition carbides with a hexagonal structure, 

exhibiting a (001)α // (0001)carbide orientation relationship with the ferritic matrix. 

This crystallographic misfit might facilitate the formation of transition carbide 

precipitates by harnessing interstitial carbon atmosphere energy. Choi et al. [37] 

further elucidated the kinetics of this process, involving kink formations on screw 



 

9 

 

dislocation segments and pinning effects on edge dislocations, without significant 

recovery of the dislocation structure. 

 
Figure 9. TEM micrographs of pearlite heat-treated at 200°C for 30 min. (a) 

microstructure of the treated region, (b) higher magnification of the region 

highlighted in green in (a), (c) another region with CBED diffraction patterns 

indicating (d) ferrite and (e) cementite. 

Internal friction spectra measurement is a powerful technique for characterizing 

the mechanical properties and microstructure of materials. It can be used to detect and 

characterize carbide precipitation in a material by analyzing the energy dissipation of 

the material as it is subjected to a periodic stress or strain. As carbides precipitate, 

they can form discontinuities or inclusions within the pearlitic structure that can affect 

its mechanical properties [38, 39]. Carbide precipitation can cause a change in the 

internal friction spectra by creating additional sources of energy dissipation, which 

can be detected to determine the extent of precipitation. In addition, the temperature 

and frequency dependence of the internal friction spectra can provide information on 

the nature and distribution of the carbides within the material [40]. Interstitial solutes, 

such as carbon and nitrogen, can also affect the mechanical properties of steels by 

altering their lattice position in the vicinity of crystallographic defects. Figure 10 

shows the Snoek peaks for both samples at these temperatures. 

 
Figure 10: Internal friction spectra measured in investigated samples. 



 

10 

 

The peaks observed in the graph represent the energy dissipation associated with 

various types of defects or microstructural features, including dislocations, grain 

boundaries, and carbide precipitates. The position and intensity of these peaks can be 

utilized to extract information about the nature and distribution of these features 

within the material. Additionally, the frequency dependence of the internal friction 

spectra provides insights into the relaxation behavior of the material and the mobility 

of defects within it. For example, dislocation glides on <111> direction along (110) 

planes at room temperature in the BCC lattice, while kink-pair formation screw 

dislocations can also glide on (112) planes in the same <111> direction associated 

with the relaxation process by increasing the temperature from 100 °C [42, 43]. Figure 

10 displays the internal friction curve of an as-received pearlitic sample, which 

exhibits a relaxation peak at ~370 K (~90 °C). This peak may be attributed to kink-

pair formation on screw dislocation on both (110) and (112) planes coupled with 

stress-induced ordering of interstitial atoms [40, 41]. This peak disappears in treated 

samples, indicating the complete precipitation of C as carbide. These transition 

carbides may pin the dislocations and cause additional mechanical improvements in 

the resulting microstructure. 

Upon low-temperature heat treatment at 200°C, our pearlitic samples underwent 

notable microstructural changes, mainly marked by the formation of nanoscale 

transition carbides from carbon redistribution. This evolution led to increased 

hardness, as these carbides impede dislocation movement, elevating resistance to 

deformation. While carbides typically possess higher stiffness than ferrite, the elastic 

modulus of our matrix slightly decreased post-treatment. This could be attributed to 

the localized strain fields at the carbide-ferrite interfaces, which subtly alter the 

material's overall stiffness. Thus, our findings underscore the intricate balance 

between microstructural changes and mechanical properties, emphasizing the nuanced 

interplay between hardness and elasticity induced by the low-temperature treatment. 

Carbide precipitation notably influences the mechanical and wear properties of 

pearlitic steels. The morphology evolution, involving nanoscale transition carbides, 

provides intrinsic strengthening. These carbides resist plastic deformation onset, with 

their fine dispersion at key structural sites contributing to enhanced mechanical 

resilience. This results in higher hardness and improved sliding wear resistance.  

The low-temperature heat treatment, aimed at improving the wear resistance of 

pearlitic steel rails, maintains structural integrity without inducing brittleness. To 

verify this, six rail samples, three treated and three untreated, each 1.5 meters in 

length, underwent a 4-point bending dynamic fatigue test over 2 × 106 cycles. All 

samples, regardless of treatment, passed the test without showing any signs of cracks 

or potential fractures. This outcome confirms that the heat treatment does not 

compromise rail safety and suggests significant benefits, such as increased rail 

durability, making it a promising option for wide-scale application in railway systems. 
 
 

4  Conclusions and Contributions 
 

The formation of nanoscale hexagonal transition carbides during low-temperature 

annealing at 200°C in pearlitic steel specimens is a critical factor in enhancing wear 

resistance. These carbides act as a strengthening mechanism, increasing hardness and 
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offering resistance to shear forces in sliding wear. This improvement is particularly 

significant for heavy haul railway systems, as it contributes to extending maintenance 

intervals by reinforcing rail durability under high-stress conditions.  

The low-temperature heat treatment method maintains the structural integrity of 

the steel. Fatigue tests confirm that this treatment does not induce brittleness, ensuring 

the safety and reliability of rails. This feature is essential for the potential large-scale 

adoption of this treatment in the railway industry, providing a balance between 

enhanced performance and structural safety. 
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