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Abstract. An attempt is made to find the relationship between the mechanical properties of 
the material in microvolumes and the properties of the material under load. A fractographic 
analysis of the surface of a fatigue fracture of a railway rail with an internal transverse crack 
is presented. The relationship of fractographic features with the structure of the material is 
discussed.   
Keywords: rail steel, fracture surface, recrystallization 

 
Acknowledgements. No external funding was received for this study. 

 
Citation: Atroshenko S.A., Maier S.S., Smirnov V.I. Failure analysis in lifetime estimation of 
rails // Materials Physics and Mechanics. 2021, V. 47. N. 5. P. 780-786. DOI: 
10.18149/MPM.4752021_11. 
 

 
1. Introduction 
Due to the increase in the volume of freight and passengers and the intensity of traffic, the 
risk of rail failure increases, so the analysis of the destruction of deformation changes in the 
structure of rails after a long-term operation is relevant. Thermo-mechanical damage 
according to [1] occurs when the wheels slip on the rail. As a result, the rail surface is heated 
to a high temperature and cooled, which leads to a change in the microstructure and the 
appearance of microcracks, which causes the generation of transverse fatigue cracks. The 
onset of defect formation is the occurrence of an internal longitudinal crack from the rail 
surface. The development of a longitudinal crack leads to the formation of a transverse crack 
as shown in [2-4]. With small size and large depth, such cracks are not detected by flaw 
detectors.  

When planning the work of flaw detection tools, it is important to know how quickly a 
transverse crack develops under load and with a different crack surface area. To establish the 
cause of the break in the rail, a 1.2 m long sample was cut with a crack in the middle. Next, 
the sample was bent in a three-point pattern with the head down until the sample was divided 
into parts. After that, a thin section about 1.5 cm thick was cut for metallographic examination 
of the crack surface and cross-section structure. 

 
2. Material and research technique 
The study of the destroyed steel rail, which worked when switching the arrow, was carried 
out. The studies were carried out on differentially heat-strengthened [5-10] old-year railway 
rails of the P65 type; passed tonnage – approximately 360 million tons (secondary tracks); 
manufacturer – Nizhniy Tagil Metallurgical Plant. Samples of P65 rail steel, the properties 
and elemental composition of which are governed by GOST R 51685-2013, were used as the 
study material. The chemical composition of this steel (in %) and the mechanical properties 
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are as follows: С=0.71-0.82; Mn=0.75-1.25; Si=0.25-0.60; V=0.03-0.15; Cr=0.2-0.8; 
P≤0.020; S≤0.020; Al≤0.004; UTS≥1180 MPa; σ0,2≥800 MPa; δ≥8%; φ≥25%; 
KCU≥250 KJ/m2. The percentage of the viscous fracture component S (shear area) (in %) was 
determined according to the ASTM E 436-03. The fracture surface was studied using an Axio 
Observer Z1-M microscope in a dark field at a magnification of 100Х, and the microstructure 
of the cross-section was analyzed in a bright field using the same microscope and with the 
help of scanning electron microscope Phenom with microanalyzer. Microhardness was 
measured on a SHIMADZU instrument brand HMV-G. 

 
3. Results and discussions 
A general view of the fracture surface is shown in Fig. 1.  
 

         
   a    b    c 

Fig. 1. View of fracture rail fracture surface: a – rail_a, b – rail_b, c – rail_c  

As can be seen from Fig. 1, three zones stand out on the fracture surface rail_a. The 
fractures of the three zones (rail_a) are shown in Fig. 2, and the proportion of the viscous 
component S (shear area in %) on the fracture surface of these three fracture zones is 
presented in Table 1. 

 

    
  a    b     c 

Fig. 2. Fracture zones (rail_a): a – 1, b – 2, c – 3 
 

Two fracture zones of rail_b sample are presented in Fig. 3. Three fracture zone in the 
sample rail_c are presented in Fig. 4. The proportion of the viscous component on the fracture 
surface of fracture zones of these specimens is presented in Table 1. 

As can be seen from the data presented, the most brittle failure is observed in the first 
zone (rail_a) – this is the last stage of rail fracture, it begins in the third zone, propagates in 
the second, and ends in the first, where, in addition to the applied loads, the temperature is 
also observed similar data in [11]. Samples rail_b and rail_c with longitudinal cracks have 
more brittle fracture than specimen rail_a with only transverse cracks (Table 1). 
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                                       a                                            b 

Fig. 3. Fracture zones (rail_b): a – 1-transverse, b – 2-longitudinal 
     

     
  a    b     c 

Fig. 4. Fracture zones (rail_c): a – 1-transverse, b – 2-transverse, c – 3-longitudinal 
 

Table 1. The proportion of viscous component S on the fracture surface of rail steel 
Sample Area of fracture Shear area, S, % 

Rail_a 
1 96.8 
2 97.4 
3 99.4 

Rail_b 
1-transverse 98.7 

2-longitudinal 95.7 

Rail_c 
1-transverse 98.3 
2-transverse 93.1 

3-longitudinal 96.9 
 
Table 2 presents the microhardness of the fracture zones (rail_a). The highest hardness 

was in the middle, most extended fracture zone, and the lowest – in the final, where the 
sample had already been divided into parts. 

Table 2. Microhardness of rail steel in three fracture zones 

Area HVaverage, MPa Scatter of HV Deviation, % 
1 315.1 300-340 5.7 
2 333.3 319-340 2.5 
3 315.5 311-322 1.3 

 
An analysis of the microstructure of steel cross-sections in three different fracture areas 

in the sample rail_a showed: 
Area 1. The final stage of fracture. In this region near the fracture surface, the structure 

has a flow pattern, where all structural components are mixed (Fig. 5a), and there is also a 
branched network of microcracks (Fig. 5b). 
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   a      b 

Fig. 5. Microstructure at the fracture surface of region 1 (×200) 
 

In the center of this region (Fig. 6a), a plate-perlite structure typical for this steel is 
observed, as well as regions of dynamic recrystallization (Fig. 6b), which are often observed 
under dynamic loading similar to those which were revealed Atroshenko [12].  

 

    
   a       b 

Fig. 6. Microstructure in the center of the region 1 (×1000) 
 

As a result of heating and rapid cooling in these areas of dynamic recrystallization, a 
microcrystalline structure is observed up to the nanostructure. In some areas of these regions, 
grain has already grown to 4 µm. As a result of strong heating, annealing occurred in some 
areas, and lamellar cementite turned into globular, and sometimes it dissolves similarly data 
of work [13]. If in the third region with which crack initiation and fracture began, the size of 
the grain and structural components – cementite and ferrite – was smaller (Table 3) then in the 
second region, these values increased, and in the first area, they were maximum.   

  
Table 3. Quantitative characteristics of the microstructure of rail steel in three areas of 
fracture 

Area Grain size, 
µm 

Ferrite plate thickness, µm Cementite plate thickness, µm 

1 28.89 1.24 0.18 
2 22.57 0.87 0.11 
3 5.75 0.72 0.07 
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Area 2. The intermediate stage of fracture. The onset of an internal longitudinal crack 
defect is microcracks from accumulations of nonmetallic inclusions elongated during rolling 
in the form of path lines, which are visible in the microstructure photo (Fig. 7a).  
 

     
a      b 

Fig. 7. The origin of microcracks from lines along the rolling (a ×500)  
and microcracks (b ×1000) 

 
Area 3. The initial stage of fracture. The structure of the initial fracture region is 

lamellar perlite with a rather fine grain (Table 3) (Fig. 8), in some places of which there are 
emerging microcracks along the lines from rolling (Fig. 8b). 

 

     
   a       b 

Fig. 8. Steel structure in the central fracture region (×1000) 
 

4. Conclusion 
On the fracture surface of the rail, three areas were revealed that differ in brittleness (% fiber 
on the fracture surface) - the most brittle fracture is observed at the last stage of the fracture of 
the rail, where, in addition to the effects of loads, the metal is heated.  

The highest strength (microhardness) is observed in the middle, most extended fracture 
region, which is little correlated with the Hall-Petch law, according to which the greatest 
strength should be in the initial stage of fracture, where the grain size is minimal. 

At the final stage of fracture, the nature of the deformation has the features of a wave 
flow with a network of microcracks from the fracture surface. With the development of 
fracture, the size of perlite grain increases, as does the size of lamellas of perlite and 
cementite, and in some places, as a result of significant heating and intense plastic 
deformation, the fracture of perlite grains occurs, cementite dissolves, and austenite forms, 
and in some places lamellar perlite becomes globular.  
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At the final stage of fracture, areas of dynamic recrystallization similar to those 
observed under shock loading were revealed. 
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