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Abstract 

A high resolution sensor of linear displacements has been elaborated for diagnosing the size of the crack 

tip opening in standard test specimens. Based on the data measured during fatigue crack growth resistance 

tests of a wheel steel heat treated after various modes, calculations of the strain and energy parameters of 

local fracture were performed for the corresponding variants of treatment, and fatigue crack growth rate 

diagrams were constructed using different approaches of fatigue fracture mechanics. It was established that 

the diagrams obtained using the strain and energy approaches are more sensitive to material microstructure 

and its mechanical properties than the traditional diagrams obtained using the stress approach. Based on the 

parameters of the fatigue crack growth resistance estimated using the strain and energy approaches, the 

effective diagnostics and the best heat treatment mode for the wheel steel was developed. It comprises the 

stages of isothermal quenching and tempering at a temperature of 500 °С, providing the highest fatigue 

fracture toughness of the steel. 

 

Keywords: railway wheel steel, local stress and strain, strain energy, fatigue crack growth 

 

DIAGNOSTYKA I KIERUNKI OPTYMALIZACJI OBRÓBKI CIEPŁNEJ 

STALI KÓŁ KOLEJOWYCH 

 
Streszczenie 

Opracowano czujnik przemieszczeń liniowych o podwyższonej czułości dla diagnozowania rozwartości 

szczeliny na podstawie określenia odkształceń i energetycznych parametrów uszkodzenia lokalnego. W 

oparciu o różne podejścia mechaniki zniszczenia zmęczeniowego zostały skonstruowane diagramy prędkości 

propagacji pęknięć zmęczeniowych w stali koła kolejowego po różnych rodzajach obróbki cieplnej. Ustalono, 

że diagramy odporności na pękanie, otrzymane według odkształceniowego lub energetycznego podejścia, są 

bardziej wrażliwe do strukturalnych i mechanicznych własności materiałów w porównaniu z tradycyjnymi 

diagramami otrzymanymi według podejścia siłowego. Pokazano zalety odkształceniowego i energetycznego 

podejścia w porównaniu z podejściem siłowym w zakresie optymalizacji charakterystyk odporności 

materiałów na pękanie. Dokonano skutecznej diagnostyki stanu technicznego materiału oraz optymalizacji 

obróbki cieplnej stali kół kolejowych. Ustalono, że hartowanie izotermiczne z odpuszczaniem przy 

temperaturze 500°C zapewnia najwyższą odporność stali na pękanie. 

 

Słowa kluczowe: stal kół kolejowych, naprężenia i odkształcenia lokalne, propagacja pęknięcia zmęczeniowego 

 

1. INTRODUCTION 

 

The integrity of the mechanical elements of the 

railway transport, ensuring their reliable and long-

lasting work, as well as reliable diagnostics of their 

residual service life, are important issues in today’s 

engineering practice [1, 2]. At the same time, 

railway wheels are the most determinative parts of 

the rolling stock, because the reliability of 

transportation and traffic safety depend directly of 

their condition. Therefore, they are subject to 

increased requirements at the manufacturing stage, 

and in the course of operation a permanent 

diagnostic of the material state is performed, on the 

basis of which a decision is made to extend the 

operational time, repair or replace the wheel pair. 

Various kinds of unacceptable damage (jags, 

sliders, wear and tear of the ridge) arise in railway 

wheels during operation. Therefore, the wheel 

periodically undergoes the turning process, which 
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reduces the outer diameter of the wheel and 

significantly reduces its operating life. The uprise 

probability of such damage can be substantially 

reduced at the manufacturing stage, taking into 

account a variety of factors. Consequently, 

materials for the manufacture of railway wheels 

should meet a certain set of established 

requirements [3], that is, they should be of 

appropriate strength, hardness, impact strength, 

endurance, static fracture toughness, etc. 

Regarding the latter parameter, it should be 

noted that the wheels operate under cyclic loading 

conditions. In existing norm documents, 

unfortunately, there are no characteristics of cyclic 

crack growth resistance, which (in our opinion) are 

considered in modern fatigue fracture mechanics as 

the most adequate basis for diagnosing fatigue 

service life and residual life of structural elements 

in the specified conditions of their operation [4]. In 

this case, the fatigue crack growth rate diagram 

which represents the relationship between the 

fatigue crack growth rate and a certain parameter 

characterizing conditions of its growth, is the main 

source for determining parameters of the material 

resistance against fatigue crack propagation under 

cyclic load. Such parameters can be the stress or 

stress intensity factor (in case of the stress 

approach), opening or deformation in the crack tip 

vicinity (the strain approach), and energy 

expenditure on material deformation and crack 

increment (the energy approach). The fatigue crack 

growth rate diagrams allow us to determine the 

characteristics of the fatigue crack growth 

resistance of materials which are used for 

prediction of fatigue service life and to estimate 

residual resource of construction elements. On their 

basis, it is also possible to make a selection, 

diagnostics or optimization of structural materials 

depending on the conditions of operation of the 

design. As a result, new materials are created with 

the necessary physical, chemical, and mechanical 

properties that meet the predefined requirements. 

In regard of direct  diagnostics, the stress 

approach is considered to be the most developed 

and investigated in chronological terms as well as 

by the currently acquired results. Its methods and 

means are standardized for constructing the 

dependences "the fatigue crack growth rate – the 

stress intensity factor (SIF) range" (da/dN – ΔK) 

[5, 6]. The SIF range describes the stress field in 

the crack tip using the applied load, the crack 

length and the geometry of a specimen. However, 

the influence of the scale factor and the crack 

closure phenomenon make their corrections to the 

kinetics of material fracture and do not allow 

unambiguously establish the crack growth rate, 

depending on the magnitude of ΔK for different 

asymmetries of the load cycle and specimen 

thickness [7, 8]. Thus, the stress approach has 

certain disadvantages and it is not always possible 

in engineering practice to adequately select or 

optimize the material for specific conditions of 

operation of the design. In addition, there may be 

difficulties in calculating stresses in structures of 

complex geometric shape. 

From this point of view, the strain approach 

may be easier to use, since strain values can be 

determined both by calculation, using analytical 

methods, and experimentally by direct 

measurement on a specimen or structure. Among 

the analytical ones are the well-known approaches 

of Rice, Panasyuk, Troshchenko and others [9, 10], 

which are limited in practical use because of 

drawbacks they have. Consequently, unlike SIF, 

there is no adequate universal method for 

calculating the crack opening range and local strain, 

depending on the geometry of specimens, the crack 

length and the loading method, that is, there are no 

dependences similar to the K-calibration curves for 

the stress approach. Along with the analytical 

methods, experimental ones for determining the 

distribution of elastic-plastic strains in the crack tip 

vicinity are used [11-15]. For this purpose, small-

sized strain gauges, a method of marks or 

coordinate grids, optical methods for direct 

observation, etc. are mainly used. Here the 

accuracy of measuring the local displacements, in 

particular the crack opening at its tip becomes of 

great importance. In this case, in order to avoid 

many disadvantages associated with the nonlinear 

distribution of elastic-plastic strains in the crack tip 

vicinity, it is recommended that the measurement of 

the opening should be carried out directly in the 

crack tip [16].  

The logical symbiosis of stress and strain 

approaches is energy one [17-20]. The known 

parameters of the last are based on the area of the 

hysteresis loop and, in relation to the fatigue of 

materials, are studied in detail for smooth 

specimens. In the presence of a crack, the 

calculation of local stresses and strains, as well as 

the establishment of the shape of the loop turns into 

a rather complicated task. Here, among the energy 

criteria, the most famous is the method of the J –

integral, the theoretical basis of which does not 

fully reflect the features of the cyclic load. There 

are not much data in the literature on the 

dependence of the crack growth rate on the 

parameters of the mechanical hysteresis loop or on 

the range J, as compared to results obtained using 

the stress approach. At present, among the known 

energy parameters of fatigue fracture there are the 

energy of inelastic strain per cycle; the total strain 

energy per cycle, consisting of elastic and inelastic 

constituents; the total energy of inelastic strain for 

all cycles before fracture [21]. 

Based on the analysis of the known in the 

literature approaches aimed at determining the 

stress, strain and energy parameters that control the 

resistance of material to the fatigue cracks initiation 

and its growth, and also based on our own 

understanding of the processes of local fatigue 

fracture, we developed our own methods [22] for 
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determination of such parameters, which are used 

for construction of the fatigue crack growth rate 

diagrams for the purpose of more effective 

diagnostics of material state and his optimization 

according to the characteristics of the fatigue crack 

growth resistance. 

The purpose of this study is to construct fatigue 

crack growth rate diagrams for a railway wheel 

steel heat treated after various modes, based on the 

stress, strain and energy parameters of fatigue 

fracture mechanics, to highlight possible 

advantages of the energy and strain approaches 

over the stress one, and to optimize the heat 

treatment mode of the steel taking into account the 

most suitable parameters.  

 

2. MATERIALS AND PROCEDURES 

 

A high-strength wheel steel type T [23] of 

nominal chemical composition 0.63 C, 0.72 Mn, 

0.32 Si, 0.094 V, 0.16 Cr, 0.11 Ni, 0.05 Cu (the rest 

is Fe) has been investigated, which is similar to 

type ER9 according to the European standard 

EN 13262. For this material it was not possible to 

unambiguously establish the optimum tempering 

temperature using fatigue crack growth resistance 

parameters in the framework of the stress approach 

[24]. The steel has been heat treated after various 

modes consisting of the stages of isothermal 

quenching at a temperature of 875 °C and salt 

bathing at 375 °C for 1 min, followed by tempering 

for 2 h at temperatures 450, 500, and 550 °C. 

Mechanical characteristics of strength (0.2, В), 

plasticity () and hardness (Table 1) were 

determined by us earlier [24].  

 
Table 1. Mechanical properties 

of the investigated materials 

Material 

heat  

treatment 

mode 

Yield 

strength, 

0.2, 

MPa 

Ultimate 

strength 

В, 

MPa 

Elongation 

, % 

Hard 

ness 

HB 

Process 

zone 

size 

d*, 

µm 

T
em

p
er

in
g
 a

t 
a 

te
m

p
er

at
u
re

 450 

°C 
772 1030 17,9 291 130 

500 

°C 
880 1076 16,1 287 140 

550 

°C 
746 987 17,6 288 150 

 

The size of the fatigue process zone d*, which 

determines the length of non-propagated cracks or 

safety defects in the material and is a determining 

factor in the diagnosis of material damage or the 

determining parameter of the fatigue fracture 

process, was determined by changing the cross 

section of the specimen in the vicinity of the stress 

concentrator caused by plastic strain, using the 

method of laser interferometry [25]. 

Compact specimens (CT) of the steel with the 

base size W = 40 mm and a thickness of 11 mm 

were tested in the laboratory air on a universal 

burst BISS servo-hydraulic machine (maximum 

load – 50 kN, frequency– up to 50 Hz) (Fig. 1) at a 

constant amplitude of the load, a frequency of 10–

15 Hz, and the asymmetry coefficient of the load 

cycle R = Pmin / Pmax = 0.1. The length of the fatigue 

macrocrack and the moment of its initiation were 

fixed by an optical microscope KM-6 with 25x 

magnification with a measurement error of 

±0.02mm. 

 

 

Fig. 1. The testing machine "BISS" for carrying  

out fatigue tests 

 

For direct measurement of the crack tip 

opening, a measuring system was created consisting 

of a displacement sensor (Fig. 2 a) constructed on 

the basis of a semiconductor strain gauge (Fig. 2 b), 

and an analog-to-digital converter (ADC) which 

outputs a current signal in-time on a personal 

computer (PC) monitor (Fig. 3). 

 

 
Fig. 2. The displacement sensor (a) and the construction 

of its strain gauge beam (b). 1 – fixed arm, 2 – movable 

arm, 3 – elastic ring, 4 – fixing screw, 5 – holder 

 

A load applied to a test specimen is measured 

with the dynamometer, and a current signal is also 

transmitted to a PC. The main feature of the 

displacement sensor is that, unlike the known ones, 

the arm 1 is stiff and motionless, and the arm 2 is 

flexible and movable (Fig. 2 a). The last one is a 

strain gauge beam (Fig. 2 b) with glued 
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semiconductor silicon crystal gauges (SSCG) which 

are arranged in pairs on its flat surfaces. These 

gauges constitute the four active arms of a 

measuring bridge, and a direct current (DC) 

excitation source U = 2V is used. A balancing 

device is also added to make any unbalance in the 

bridge to zero value (Fig. 3). The use of this sensor 

has allowed raising the sensitivity of measurements 

by 2 times compared with the case when a sensor 

with two flexible arms is used. The operating range 

of measurable displacement is 0 ... 500 μm with an 

accuracy of ± 0.2 μm. 

The kinetics of the crack was studied according 

to the famous standard method [5, 6]. Fatigue crack 

growth rate diagrams were constructed using the 

stress, strain, and energy parameters of fatigue 

fracture mechanics of materials. Within the 

framework of the strain approach, the dependences 

"fatigue crack growth rate – the local displacement 

at the crack tip" (da/dN – cr) were constructed. 

For this, the sensor described above fixed the size 

of the opening cr along a line passing through the 

crack tip, while changing load from Pmin to Pmax in a 

load cycle, and the crack growth rate was 

determined according to the standard method. 

 

 
 

Fig. 3. The basic scheme of the measurement unit 

 

In our opinion, the fracture process in the crack 

tip occurs in the zone of localization of elastic-

plastic strains, which is determined not by the entire 

plastic zone, but by the process zone of a much 

smaller area, the size of which d* is a constant of 

the material under the certain test conditions. 

Taking this into account, we propose to replace the 

local displacement range cr  by the local strain 

range in the crack tip vicinity, which can be 

determined by the dependence: 

 
* cr cr

*
ff cr

ln 1 ln 1 ,
e d

   
      

             

(1) 

where ρeff  is the effective radius of the crack tip; 

ρcr is the actual radius of rounding of the crack tip, 

which can be measured directly by the microscope; 

d* is the characteristic size of the fatigue process 

zone [20]. For the considered range of crack growth 

rates, the radius ρcr is small, so we assumed that 

ρeff = d*. 

In case of the energy approach, the loops of 

local mechanical hysteresis were constructed 

experimentally using the data of direct measuring 

the crack tip opening cr in a load cycle at a 

certain load range P applied along the specimen 

loading axis. It should be noted that the loops were 

absent at low load amplitudes while the fracture 

process continued to take place. Even in the 

absence of an experimentally established hysteresis 

loop (despite the use of linear displacement sensors 

with a measurement error of 0.2 μm), the 

accumulation of microplastic strains occurs 

followed by initiation of the fatigue crack and its 

growth. Taking this into account, we propose to 

consider the strain energy as the driving force of 

this process. This parameter is determined as the 

entire area under the load-displacement curve, that 

is, the total strain energy per cycle, which consists 

of elastic and plastic components. As a result, the 

dissipation range of the total energy of local strain 

in a load cycle in the crack tip was established as 

follows. During a load cycle, a (P, ) – data set was 

fixed on a personal computer using the measuring 

system (Fig. 3). Then, taking into account the 

nature of the fracture localization, it was converted 

into a (y, ) – data set using a formula:  

   *1,128 , .y K P a d 
             

 (2) 

Subsequently, all these points were approxi-

mated by a polynomial of degree 3. By integrating 

the obtained curve in the range from min to max 

and subtracting the area y min•(max min), we 

obtain a value of the local strain energy ΔW* 

(Fig. 4). 

 

 
 

Fig. 4. A diagram for determination of complete 

local strain energy ΔW* in the crack tip vicinity 

per a load cycle 
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3. RESULTS AND DISCUSSION 

 

On the basis of experimental research, for each 

variant of the steel heat treated after various modes 

fatigue crack growth rate diagrams were 

constructed basing on the presented above stress, 

strain and energy approaches (Fig. 5). 

It can be seen for each case that the local 

parameters of fatigue fracture mechanics (ΔK, Δ, 

Δε*, ΔW*) proposed by us, show a good correlation 

with fatigue crack growth rate, and the obtained 

dependences on the mid-amplitude sections of the 

diagrams are described by the corresponding 

equations of the Paris type: 

 

 

 

 

1

2

3

4

1

2

*

3

*

4

/ ,

/ ,

/ ,

/ .

n

n

n

n

da dN C K

da dN C

da dN C

da dN C W

 

 

 

 
 

         (3)    

 
 

Fig. 5. Fatigue crack growth rate diagrams for a wheel 

steel after isothermal quenching followed by tempering at 

a temperature 450 °C (), 500 °C (), 550 °C ().The 

diagrams have been constructed using (a) the stress, (b, c) 

strain, and (d) energy approaches 

 

The coefficients Сi and ni of the equations 

corresponding each approach are given in Table 2. 

The analysis of the diagrams shows (Fig. 5 b, c) 

that for the railway wheel steel the da/dN – Δ, 

da/dN – Δ*, and da/dN  ΔW* dependences are 

more sensitive to different heat treatment modes 

than the da/dN – ΔK dependences obtained using 

the traditional stress approach (Fig. 5 a). This 

makes it possible to more effectively optimize the 

material treatment mode according to the 

characteristics of the fatigue crack growth 

resistance. It was found that the optimum tempering 

temperature for such high-strength wheel steel is 

500 °С. This result is completely consistent with 

the results obtained earlier [21], what is explained 

by the optimal strengthening of the steel with 

formation of coherent precipitations of vanadium 

carbides and carbonitrides at a temperature of 

500 °C. 

 
  Table 2. The coefficients for the analytical description 

of the mid-amplitude sections of the fatigue crack growth 

rate diagrams for the investigated materials 

Material heat 

treatment 

mode 

Tempering at a 

temperature 

450 °C 500 °C 550 °C 

S
tr

es
s 

ap
p
ro

-
ac

h
 С1 4.8.10-12 4.7.10-12 5.2.10-12 

n1 3.1 3 3 

S
tr

ai
n
 a

p
p
ro

ac
h
 С2 4.2.10-10 2.9.10-10 3.1.10-10 

n2 3.7 2.7 3.3 

С3 4.3.10-8 1.4.10-8 8.7.10-8 

n3 4.1 2.9 3 
E

n
er

g
y
 

ap
p
ro

-
ac

h
 С4 2.5.10-9 1.52.10-9 1.76.10-9 

n4 1.8 1.6 1.9 

 

However, the da/dN – Δ, da/dN – Δ* and 

da/dN  ΔW* dependences show somewhat greater 

data dispersion than the da/dN – ΔK dependences 

obtained using the traditional stress approach. This, 

obviously, is due to the imperfection of measuring 

the crack opening characteristic by the contact 

method. 
 

4. CONCLUSIONS 

 

The efficiency of using the strain and energy 

parameters of local fracture determined by the 

experimental-calculation method for the diagnostics 

of the material state has been substantiated. These 

parameters can serve to properly select the material 

for a construction that is operated under specified 

conditions. 

It has been established for a wheel steel 

tempered at different temperatures after isothermal 

quenching that the fatigue crack growth rate 

diagrams obtained using the strain and energy 

approaches, show better correlation with (are more 

sensitive to) material microstructure and its 

mechanical properties than the traditional diagrams  

obtained using the stress approach. 

The optimization of heat treatment of the wheel 

steel has been carried out. Based on the fatigue 

crack growth resistance characteristics it was stated 

that the optimum tempering temperature for such 

high-strength wheel steel is 500 °С. 
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