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Аннотация. Большое влияние на потребительские свойства рельсов оказывает стойкость металла к образованию дефектов контактной 

усталости и развитию износа. Наиболее значимыми факторами, лимитирующими срок службы рельсов в кривых участках железно-
дорожного пути, являются износ рельсов наружных нитей и развитие дефектов контактной усталости во внутренних нитях пути. В 
связи с этим при разработке новой продукции важное значение приобретают методы достоверной лабораторной оценки стойкости 
рельсового металла. В работе описывается изменение характера повреждаемости рельсов различных категорий твердости дефектами 
контактной усталости, проводится оценка их износостойкости. Исследование дефектов и прогнозирование ресурса рельсов требуют 
комплексного подхода. Приводится краткое описание моделирования условий образования и накопления контактно-усталостных 
дефектов. Рассматриваемые параметры оказывают влияние на износостойкость рельсового металла различного химического состава. 
В процессе испытаний изменяются микроструктура рельсов и характер роста трещин. Авторы провели сравнительный анализ полу-
ченных данных, характеризующих износостойкость рельсовых сталей различных категорий твердости. Основой методики оценки 
износостойкости железнодорожных рельсов является физическое моделирование процесса адгезионно-деформационного механизма 
трения образцов на роликовой машине трения (трибометр). При проведении лабораторных испытаний исследуемых категорий рельсов 
машина трения автоматически выдает и фиксирует целый ряд вычислительных параметров, показанных в работе. Проведенные иссле-
дования являются перспективными с практической точки зрения. Полученные результаты могут быть использованы для развития 
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Abstract. Metal resistance to the formation of contact fatigue defects and wear development has a great influence on the consumer properties of rails. 

The most significant factors limiting the service life of rails in curved sections of the railway track are wear of rails of the outer threads and develop-
ment of contact fatigue defects in the inner threads of the track. In this regard, methods of reliable laboratory assessment of the rail metal resistance 
become important in the development of new products. The paper describes the change in the nature of damage to rails of various hardness categories 
by contact fatigue defects, and evaluates their wear resistance. The study of defects and forecasting of the rail resource require an integrated approach. 
The paper provides a brief description of modeling the conditions of formation and accumulation of contact fatigue defects. The parameters under 
consideration have an effect on the wear resistance of rail metal of various chemical compositions. During the testing, the rails microstructure and 
the nature of crack growth change. The authors made a comparative analysis of the data obtained characterizing the wear resistance of rail steels 
of various hardness categories. The basis of the methodology for assessing the wear resistance of railway rails is the physical modeling of adhesion-
deformation mechanism of friction of the samples on a roller friction machine (tribometer). During laboratory tests of the studied categories of rails, 
the friction machine automatically outputs and records a number of computational parameters shown in the work. The conducted research is promising 
from a practical point of view. The results obtained can be used to develop a theory to increase the service life of differentially hardened rails produced 
by JSC EVRAZ United West Siberian Metallurgical Plant. 
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 Introduction

According to  GOST R 51685, the  quality of  rail 
steel is evaluated based on a range of  mechanical pro
perties, including yield strength (σy ), ultimate tensile 
strength  (σt ), elongation (δ5 ), reduction of  area (φ), 
impact toughness, impact toughness, hardness of the run-
ning surface and cross-section, and the level of residual 
stresses. Additionally, compliance with requirements 
for micro- and macrostructure, non-metallic inclusions, 
surface quality, straightness, and other parameters is 
assessed. These factors influence the  operational pro
perties of  rails; however, similar characteristics can be 
achieved through different approaches, such as alloying, 
heat treatment, and variations in force and temperature 
modes during rolling. Each treatment method activates 
distinct mechanisms of  strengthening and structure for-
mation, which directly impact resistance to  contact 
fatigue defects and wear resistance. These differences 
become especially pronounced when rails are used on 
curved sections of  the  track. Rails on the  outer threads 
of curves experience significant wear due to lateral forces 
from the wheel flanges of rolling stock. These forces arise 
from the  interaction between the  rotating wheels and 
the tangent to the curve of the rails [1 – 3]. 

Historically, hardness was considered the  primary 
indicator of  wear resistance in steel. However, recent 
studies  [4; 5] suggest that the  nature of  wear is much 
more complex, and wear resistance cannot be evaluated 
solely based on hardness. Abrasive wear is influenced 
by the  hardness, strength, and plasticity of  the  steel. 
Additionally, wear resistance depends on the  chemical 
composition, production technology, and microstructure 
of the rails [6 – 8].

With the  growth of  heavy-duty transportation and 
the  general trend toward increasing freight intensity, 
the issue of rail wear in curved sections and the formation 
of  contact fatigue defects has become increasingly sig-
nificant. Numerous studies  [10 – 15] have been devoted 
to  identifying the  mechanisms of  defect formation and 
progression, as well as understanding the  structural 
changes in rails during operation. Additional research has 
focused on evaluating the operational properties of rails 
either directly in service  [16 – 21] or through the  use 
of specialized test rigs [22; 23] that simulate the wheel-
rail interaction on a full scale. Full-scale wheel-rail test 
rigs provide precise assessments of  rail wear resistance 

by testing the rail as an integrated structure, accounting 
for variations in structure and properties across the cross-
section. These tests offer insights into rail performance 
at  different stages of  its life cycle. However, direct in-
service measurements have significant limitations, inclu
ding the substantial influence of specific operating condi-
tions during field tests and the lengthy duration required 
for both field (~2.0 – 2.5 years) and laboratory stand 
(~0.5 – 1.0 years) tests. Furthermore, wheel-rail test rigs 
are expensive and currently unavailable in Russia. 

Thus, a key challenge in modern railway rail pro-
duction is developing and implementing new labora-
tory methods to assess the resistance of rail steel to wear 
and contact fatigue defects. These methods will allow 
for evaluating the  effectiveness of  technological solu-
tions and expedite the development of high-demand pro
ducts. Establishing a scientifically grounded methodo
logy for assessing rail wear resistance is a priority, as no 
standardized approach currently exists in the  available 
technical documentation.

 Materials and methods

In this study, the  focus was on differentially harde
ned R65 rails of  compositions 1 and  2, produced by 
JSC EVRAZ United West Siberian Metallurgical Plant 
(JSC EVRAZ ZSMK) using 76KhF steel in accordance 
with GOST R 51685 – 2022. The chemical composi-
tion of  76KhF steel, as per GOST R 51685 – 2022, 
is as follows (wt. %): C 0.71 – 0.84; Mn 0.75 – 1.25; 
Si 0.25 – 1.00; P ≥ 0.020; S ≥ 0.020; Al ≥ 0.004; 
Cr 0.20 – 0.60; V 0.03 – 0.15. The grades differ in carbon 
and manganese content: grade 1 – 0.76 % C, 0.79 % Mn; 
grade 2 – 0.81 % C, 0.97 % Mn. 

Friction tests were performed using a roller friction 
machine with the following specifications: 

– load: up to 5 kN; 
– sample rotation speed: up to 3000 rpm; 
– ability to  test with or without lubricants, with hea

ting of lubricants up to 100 °C. 
The machine is equipped with wear sensors, an eddy 

current sensor, and two vibration sensors measuring 
in three planes (х, у, z).

All samples were tested under consistent conditions: 
– load: 1.2 kN;
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– rail roller rotation speed: 217 rpm;
– slip ratio: ~10 %;
– test duration: 120 min;
– contact roller hardness: HRC 59;
– no lubricants used.
The machine also recorded several computational 

parameters in the  form of  graphs, including the  coeffi-
cient of  friction, slip ratio, friction force, sliding speed, 
speed of increase, and the relationship between slip and 
roller diameter. Parameters were dynamically adjusted 
to reflect changes introduced during the tests.

During the experiments, the sliding speed of the con-
tact roller was varied to maintain a consistent slip ratio 
of  10 %, accounting for changes in roller diameter due 
to friction.

For the laboratory evaluation of wear resistance, one 
sample was cut from rails of compositions 1 and 2 from 
current production according to  the  specified design 
(Fig. 1).

A thermally strengthened roller made of 31Mn4 steel 
with a hardness of (59 ÷ 59) ± 2 HRС in accordance with 
the European standard DIN 1544, was used as the contact 
sample. The diagram of  the contact sample is shown in 
Fig. 2.

The evaluation of  the  wear rate of  rail rollers was 
conducted over 52,000 to 156,000 revolutions to  elimi-
nate the  influence of  surface quality at the  beginning 

of  the  tests and the  effect of metal delamination during 
the final test cycles. 

Wear resistance was determined as the  recipro-
cal of  wear rate. Due to  the  minimal mass loss during 
testing, laboratory analytical scales with an accuracy 
of up to 0.0001 g were used: 

 

where W is the  wear resistance, g/cycle; m1 and m2  are 
sample masses before and after testing, g; Ncycle  is 
the number of revolutions (1 cycle = 2600 revolutions). 

The factors influencing the  wear resistance of  rail 
steel include a combination of several characteristics that 
allow for the  assessment and improvement of  rail steel 
performance in terms of wear resistance. These characte
ristics are: material hardness; chemical composition (car-
bide-forming carbon) and sulfur content (which deter-
mines the  quantity of  manganese and iron sulfides that 
act as stress concentrators in micro-damage zones during 
wear)  [16]; microstructure parameters (interlamellar 
spacing, grain diameter, size of  pearlite colonies, volu-
metric fraction of  cementite); influence of  carbides and 
carbonitrides (their quantity, shape, and distribution) [4].

 Comparative analysis of the results

The hardness of  the metal in the  tested samples was 
measured using the Vickers method on a “Qness Q10A+” 
microhardness tester at seven points on the  sample sur-
face under a load of 50 N. The measurement results are 
presented in Table 1. 

The data show that the hardness of the samples from 
rails with composition 2 is 7.85 % higher compared 
to those with composition 1.

The microstructure of  the  rail steel was studied on 
transverse polished sections prepared from the fillet zone 
of the rail head after electropolishing and etching in a 4 % 
ethanol solution of  nitric acid. The investigations were 
conducted using a scanning electron microscope (SEM). 

Fig. 1. Scheme and place of cutting samples

Рис. 1. Схема и место вырезки образцов

Fig. 2. Diagram of the contact sample

Рис. 2. Схема контактного образца
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The analyzed area was located 2 – 4 mm from the  run-
ning surface of the rail head.

The results of  these measurements are presented in 
Table 2 and Fig. 3.

The analysis of the data indicates that the interlamellar 
spacing in the microstructure of the steel from rails with 
composition 1 slightly exceeds that of rails with compo-
sition 2. At the same time, the grain diameter in the steel 

of rails with lower carbon and manganese content (com-
position 1) is 1.0 grade larger than that of rails with com-
position 2. The grain sizes correspond to 24.20 µm (grain 
number 8) for composition 1 and 19.50 µm (grain num-
ber 9) for composition 2.

The average wear rate of  samples from rails with 
composition 2 was 1.0665·10–5 g/cycle, which is 13.5 % 
lower than the wear rate of samples from rails with com-
position 1, measured at 1.2324·10–5 g/cycle. 

It is worth noting that after 182,000 revolutions, 
the samples cut from rails with composition 1 exhibited a 
sharp increase in mass loss (Fig. 4).

The microstructure of  the  samples after the  friction 
test cycle was studied using an Olympus JX71 optical 
inverted microscope. Microstructural analysis revealed a 
fibrous-deformed structure with a layer thickness of  up 
to 82.4 µm on the edges of samples with composition 2 
and up to 103.9 µm on the edges of samples with compo-
sition 1 (Figs. 5, a, b). In the central part of the samples, 
the  layer thickness reached up to 67.7 µm for composi-
tion 2 and up to 77.6 µm for composition 1 (Figs. 5, c, d). 

 Conclusions

An increase in carbon and manganese content in rail 
steel enhances its wear resistance and resistance to con-
tact fatigue defects.

Table 1. Results of hardness measurements of the samples

Таблица 1. Результаты измерений твердости образцов

Compo
sition

Hardness, HV, at measurement points
1 2 3 4 5 6 7

1 405 395 384 387 392 402 402
2 433 426 432 439 437 428 436

Table 2. Parameters of the rail microstructure

Таблица 2. Параметры микроструктуры рельсов

Compo
sition

Interlamellar 
spacing, µm

Grain 
diameter, µm

Grain 
number

1 0,109 24.20 8
2 0,091 19.50 9

Fig. 3. Microstructure of metal of the rails of composition 1 (a) 
and composition 2 (b) 

Рис. 3. Микроструктура металла рельсов состава 1 (а) 
и состава 2 (b)

Fig. 4. Wear rate of the rail samples of composition 1 ( ) 
and composition 2 ( )

Рис. 4. Интенсивность износа рельсов состава 1 ( ) 
и состава 2 ( )
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The scientific findings of  this study can be used 
to advance the theory of extending rail service life, reduc-
ing maintenance costs, and improving the  reliability 
of differentially hardened rails produced by JSC EVRAZ 
United West Siberian Metallurgical Plant.
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