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Abstract

:

Rolling contact fatigue (RCF) and wear are important problems for the wheel and rail. RCF and wear is caused by contact stress and the slip ratio between the wheel and the rail. The material properties of the wheel and rail are an important factor to prevent the degradation caused by RCF and wear. In this study, the mechanical properties and fatigue characteristics of the two types of wheel and rail were evaluated, and the effects on wear and contact fatigue were examined. We found that the crack growth rate and the hardness were important factors in the contact fatigue and the wear. The rail steel with a higher crack growth rate and hardness had a low resistance to contact fatigue with large size damage. The hardness ratio and the total hardness are important factors in evaluating the wear resistance. In addition, we found that the residual stress increased proportionally to the maximum shear stress.






Keywords:


railway; wear; rolling contact fatigue; crack growth












1. Introduction


Railway vehicles play an important role as a means of mass transportation. Since static and dynamic forces are transferred through the interaction between the rail and the wheel, the small contact surface area between them undergoes the severest contact stress. Therefore, the interface between the rail and the wheel is exposed to various types of damage. The types of damage most frequently found on the contact surface of the wheel and rail are wear and rolling contact fatigue. Such damages can cause failures of the wheel and rail and could eventually lead to the derailment of railway vehicles, bringing great casualties and loss of property. Recently, as the speed and usage of railroad vehicles increase, the degradation of infrastructure is rapidly progressing, and the maintenance cost is also increasing. In particular, in order to predict rolling contact fatigue occurring in rails and remove cracks, periodic grinding should be carried out [1,2]. The typical rolling contact fatigue damage on rails is squats and head checks. Squats occur on the straight tracks, and head checks occur on the curved tracks. Recently, it is known that the white etching layer (WEL) generated by frictional heat during braking reduces the rolling contact fatigue life [3,4]. In the case of high-speed rail wheels, other types of rolling contact fatigue damage are occurring. This is local rolling contact fatigue (LRCF), which is different from the conventional rolling contact fatigue that occurs continuously [5,6]. Therefore, many researchers have examined ways to reduce damage occurring on the interface between the wheel and the rail [7,8,9,10]. Studies on the wheel and rail have been mostly conducted on the independent topics of the wear of the wheel/rail or of contact fatigue damages [11,12]. In addition, standards for the rail and wheels are specified independently, which does not include any provision for the wheel–rail interface [13,14]. However, damage such as wear and contact fatigue would occur on the interface between the wheel and the rail by rolling contact. Thus, wear and contact fatigue cannot be independent, but have a competitive relationship.



Razhkovskiy et al. [15] suggested an optimal ratio of the values of the hardness of the wheel and rail through their experiment to reduce wear. Wang et al. [16] investigated the contact fatigue and wear characteristics of the wheel and rail by changing the hardness of the wheel. They showed the wear of the wheel and rail linearly increased along with the increasing hardness of the wheel, and the damage mechanism shifted from adhesion wear to delamination wear. Hu et al. [17] investigated wear and contact fatigue according to the hardness ratio between the wheel and the rail. The rolling contact wear test was conducted while changing the hardness ratio of the rail to the wheel from 0.927 to 1.218. The wheel wear rate decreased dramatically at the hardness ratio of 1.128, and the rail wear rate showed a tendency to increase. Donzella et al. [18,19] proposed a model to evaluate wear and contact fatigue in the rail, and demonstrated a correlation between wear and contact fatigue through experiments. In addition, they showed that the plastic deformation and the residual stress induced by the repetitive rolling contact of the rail and wheel are important factors influencing on contact fatigue. Ishida [20] conducted contact fatigue tests to examine the relationship between contact fatigue damage and the residual stress. Batista [21] investigated the wear and evolution of residual stress by a repetitive contact fatigue test. Ueda et al. [22] investigated the effect of the carbon content and hardness of rail materials on contact fatigue through rolling contact tests. As the carbon content increased, the hardness increased, and plastic deformation at the contact surface was suppressed. Accordingly, the depths of cracks and the numbers of spalls occurring at the contact surface were reduced. Studies have been conducted to evaluate the effect of metal structures on wear and contact fatigue [23,24]. Liu et al. [23] conducted a rolling contact test under various load conditions to investigate the relationship between microstructure and wear mechanism. At high contact pressure, severe plastic deformation occurred, resulting in fatigue wear, and at low contact pressure, adhesive wear occurred. As the contact pressure increased, the occurrence of fatigue cracks gradually increased. Pereira et al. [24] evaluated the effect of contact fatigue on rail steels with spheroidized pearlite and fully pearlitic microstructures. It was shown that steel with spheroidized pearlite reduced the occurrence of contact fatigue cracks more than that in the fully pearlitic microstructure.



Recently, many studies have been conducted on the wear and contact fatigue characteristics of bainitic steel [25,26,27,28]. Li et al. [25] investigated the effect of upper bainite microstructure on wear in high-speed rail wheels, and Liu et al. [26] performed rolling/sliding wear tests under various conditions using bainitic rail steel. The bainitic rail steel showed that the plastic deformation and wear mechanism were changed by the contact pressure and slip rate. Miranda et al. [27] and Liu et al. [28] investigated the effects of wear and contact fatigue on materials with the same chemical composition and hardness but with pearlitic and bainitic microstructures. The results revealed that the microstructure had a significant role in wear and contact fatigue damage. The bainitic microalloyed steel showed lower wear rates and greater resistance to contact fatigue than the pearlitic one. The studies conducted so far have investigated the surface hardness, the residual stress, and the microstructure as factors causing wear or contact fatigue. In the case of using the generally employed shakedown map to evaluate contact fatigue, the only material property of shear yield strength is used [29]. However, since the factors causing wear and contact fatigue are various and interrelated with each other, an assessment derived from single value of material property could be unreasonable. In addition, the relationship between the contact fatigue and wear of the wheel and rail should be clearly identified, but such research is insufficient.



The assessment and prediction of the wear and the contact fatigue of the rail and wheel are important for the safe service and maintenance of railway vehicles. Among the factors affecting the wear and the contact fatigue of the wheel and rail are the fracture toughness and the fatigue crack grow rate. In this study, the mechanical properties and fracture toughness characteristics of the two types of rails and wheels were evaluated, and the effects of the mechanical property on the wear and contact fatigue were examined by conducting rolling contact fatigue tests. In addition, the evolution of residual stress under various loading conditions were examined.




2. Mechanical Properties


2.1. Materials


The KS60-rail and UIC60-rail and the RSW-wheel and R7-wheel were used for the test conducted in this study. The KS60-rail and RSW-wheel are generally used on the main line of the rail network in Korea, whereas the UIC60-rail and R7-wheel are used for the high-speed railway. Table 1 and Table 2 show the chemical compositions of the materials of the wheel and rail steels, respectively. The UIC60-rail contains a greater carbon component than the KS60-rail, and the components of Al and N are additionally added thereto. The RSW-wheel also contains a greater carbon component than the R7-wheel, and the components of Cu, Mo, Ni, V, etc. are additionally included in the R7-wheel.



Figure 1 shows the heat treatment process of a typical railroad vehicle wheel [30]. The wheel heat treatment is carried out to increase the hardness of the contact surface that is in rolling contact with the rail and to generate compressive residual stress. As for the heat treatment method, tempering is performed after quenching the contact surface. As shown in Figure 1b, the heating temperature before quenching is about 850 °C, and it is rapidly cooled to a temperature below 300 °C through water cooling on the contact surface. Tempering is performed to stabilize the microstructure; the tempering temperature is about 520 °C and the tempering time is about 6 h. Detailed heat treatment conditions are set differently for each wheel manufacturer. Figure 2 shows the microstructure of the wheel and rail. Wheels and rails have different microstructures. Figure 2a shows the microstructure of the R7-wheel, which is typical of pearlite and ferrite of carbon steel. The white part in the picture is ferrite, and the black part is pearlite. Figure 2b shows the microstructure of the RSW-wheel, which is similar to that of the R7-wheel. Figure 2c shows the microstructure of the UIC60-rail, and it is composed of pearlite. Figure 2d shows the microstructure of the KS60-rail, similar to that of the UIC60-rail.




2.2. Tensile and Hardness Test


2.2.1. Test Method


Figure 3 shows the specimen configuration for the tensile test, and the gauge diameter was 9 mm. The tensile tests were conducted according to the ASTM E-8. The hydraulic tester of 250 kN capacity was employed for the tensile test, and the COD gauge (Shimadzu, Kyoto, Japan) and DAQ equipment (Shimadzu, Kyoto, Japan) were used to measure the datum of real-time displacement and load.




2.2.2. Test Results


Table 3 shows the results of the tensile test, and Figure 4 illustrates a comparison between the test results of wheel and rail specimen. The tensile strength of each material appeared similar to each other. However, the yield strength of the materials of wheel and rail reveal a significant difference. The yield strength of the KS60-rail and UIC60-rail appeared higher than that of the RSW-wheel and R7-wheel. However, the elongation represents the trend opposite to the yield strength. The higher yield strength of material accompanied the corresponding lower of elongation, and thereby, the elongation of the wheel appeared higher than that of the rail. Figure 5 shows the hardnesses of the rail and wheel. The hardness of the rail appeared higher than that of the wheel. The UIC60-rail had the highest hardness, greater than that of the KS60-rail. From the results obtained from the hardness test, the KS60-rail was predicted to wear more than the UIC60-rail.





2.3. Fatigue Crack Growth Test


2.3.1. Test Method


Figure 6 shows the sampling locations of crack propagation test specimens and fracture toughness specimens. Test specimens for the tests of fracture toughness and fatigue crack growth rate were taken from the center of the head of the rail and from the rim of the wheel. The crack in the rail specimen grew downward, while the crack in the wheel specimen grew circumferentially. Figure 7 shows the shapes and dimensions of the crack propagation specimens. The widths and thicknesses of the specimens were 60 mm and 12.5 mm, respectively.



The crack growth tests were conducted according to ASTM E647. On the tip of the notch of the test specimen prepared for the crack growth test, the preliminary crack was inserted to the point of a/W = 0.5 by applying the fatigue load. The load ration R = 0.1 was applied to the test with a test speed of 10Hz. The da/dN-ΔK curve was obtained from Equation (1) [31].


  K =   Δ P   B  W       (  2 + α  )       (  1 − α  )    3 / 2     f  ( α )   



(1)






  f  ( α )  = 0.886 + 4.64 α − 13.31  α 2  + 14.72  α 3  − 5.6  α 4   



(2)




where ΔP is the difference between the maximum load and the minimum load; B, a, W represent the thickness of the test specimen, crack length, width of test specimen, respectively; and   α    is    a/W.




2.3.2. Test Results


Figure 8 shows the results of the crack growth rate test of wheel and rail materials. The crack growth parameters of C and m(Paris’ law) were obtained from Figure 8 and summarized in Table 4. As illustrated in Figure 4, the crack growth characteristics of the materials of the wheel and rail appeared similar except for the case of small values of ΔK. The EN 13674 [13] presents criteria for the crack growth rate of the rail material. Those were 17 m/Gc and 55 m/Gc, corresponding to the values of ΔK of 10 MPa√m and 13.5 MPa√m. Figure 9 represents a comparison of the crack growth rate of wheel and rail that satisfy the requirement of the EN standard. As shown in Figure 9, the crack growth rate of the rail appears higher than that of the wheel. The UIC60-rail had the highest value of the crack growth rate, 17.5 m/Gc at the ΔK of 13.5 MPa√m. The UIC60-rail revealed the highest yield strength with the lowest elongation. Figure 10 represents the relationship (a-N) between the cycles and crack length in the rail. It is difficult to distinguish the crack growth rate from the results of the crack growth test illustrated in Figure 8. However, the a-N curve plotted in Figure 10 shows the crack growth rate distinguished clearly. The UIC60-rail had a higher crack growth rate than that of the KS60-rail.





2.4. Fracture Toughness Test


2.4.1. Test Method


Figure 11 shows the shapes and dimensions of the fracture toughness specimens. The widths and thicknesses of the specimens were 60 mm and 25 mm, respectively. The fracture toughness test of the materials was carried out according to ASTM E339.




2.4.2. Test Results


Figure 12 illustrates a comparison of the fracture toughnesses of the rail and wheel. In the case of the KS60-rail and RSW-wheel, the fracture toughness of the rail appeared higher than that of the wheel. In the case of the UIC60-rail and R7-wheel, the fracture toughness of the wheel appeared higher than that of the rail. In addition, since the fracture toughness of the UIC60 rail was the lowest and that of the R7 wheel was the highest, the fracture toughness difference between the two materials was large. The fracture toughness of the KS60-rail was 73 MPa√m, 1.8 times higher than 41 MPa√m of the fracture toughness of the UIC60-rail. The fracture toughness of the RSW-wheel was 63 MPa√m, whereas it was 82 MPa√m for the R7-wheel, 1.3 times higher than that of the RSW-wheel.






3. Wear and Contact Fatigue Test


3.1. Test Apparatus


The twin-disc tester was used to evaluate the wear and the contact fatigue characteristics of wheel and rail. Figure 13 shows a schematic diagram of the twin-disc tester. The test machine was equipped with two independent motors controlling the speed of rotation, and the hydraulic unit attached thereto was designed to apply the load to the test specimen. The slip ratio could be controlled by adjusting the rotational speed of the shafts. The test conditions of applying the load, rotational speed, and slip ratio were fully controlled by a computer, and all of the data collected during the test were saved.




3.2. Specimen and Test Methodology


Figure 14 shows the location of the rolling contact test specimen. The wheel specimens were cut from the rim of a wheel, and the rail specimens were cut from the head of a rail. Both the wheel and rail test pieces were taken from the position as close as possible to the contact surface. Figure 15 shows the shape of the rolling contact test piece, and both wheel and rail test pieces had the same shape and dimensions. The diameters and widths of the specimens were 50 mm and 10 mm, respectively. The roughness of the contact surface was ground to about 0.3 µm to simulate the roughness of the wheel and rail. The maximum contact pressure P0 was calculated using Equations (3) and (4) [32].


   P 0  = 0.418     [    (  P E  )    L R   ]   1 / 2    



(3)






   1 R  =  1   R w    +  1   R r     



(4)




where P is the applied load, E is Young’s modulus, L is the specimen width, and Rr and Rw are the radii of the rail and wheel specimens, respectively.



For the wear test, the contact stress, the slip ratio, and the rotation speed were set at 1500 MPa, 1.5%, and 500 rpm, respectively. The wear tests were performed until the number of rotations reached 2 × 105 cycles. The mass changes in the specimens were weighed by an electric weighing scale with a resolution of 0.00001 g. For the contact fatigue test, the contact stress, slip ratio, and rotation speed were also set at 1500 MPa, 1.5%, and 500 rpm, respectively. The test machine was set to stop after every 10,000 cycles to observe the progress of the damage on the surface through a microscope. In the wear test and the contact fatigue test, three specimens were used, respectively, according to the type of test.




3.3. Wear Test Results


Figure 16 shows the results of the wear test. The wear rate (μg/m/mm2) was calculated by dividing the volume of wear loss by the rolling distance and contact area. The RSW-wheel exhibited the largest wear rate, whereas the smallest wear rate was exhibited by the material used for the UIC60-rail. Both types of test specimens commonly exhibited a larger wear rate in the materials used for the wheel than those used for the rail. This was attributable to the hardness of the rail being higher than that of the wheel.





4. Discussion


4.1. Hardness and Wear


Figure 17 shows the total wear rate (the sum of the wear rate of the rail and the wheel) and the wear rate difference (the difference between the wear rates of the rail and the wheel). The cases of the wheel and rail that employed materials resistant to wear commonly showed a small total wear rate with less wear rate difference. In the case of the pair of the KS60-rail and RSW-wheel, the total wear rate was 62 μg/m/mm2 and yielded a wear rate difference of 18 μg/m/mm2. The case of the pair of the UIC60-rail and R7-wheel rendered a total wear rate of 46 μg/m/mm2 with a wear rate difference of 10 μg/m/mm2. These results show the pair of UIC60-rail and R7-wheel had a higher wear resistance than that of the pair of the KS60-rail and RSW-wheel.



The mechanical property of materials most influential on wear is the surface hardness. The wear resistance of the materials used for the wheel and rail is evaluated by using the hardness ratio (rail hardness/wheel hardness) [15,33]. Figure 18 shows the hardness ratios of test specimens and the total hardnesses (rail hardness + wheel hardness). In the test conducted in this study, the hardness ratio of the materials used for the wheel and rail respectively did not exhibit a significant difference, while the total hardness had a large difference. Therefore, as illustrated in Figure 17, the wear rate of the materials of large total hardness used for the UIC60-rail and R7-wheel decreased. As in the case of the test conducted in this study, which exhibited a similar hardness ratio with a large difference in the total hardness of the materials, the evaluation of the wear resistance of materials by relying solely on the hardness ratio becomes difficult. Figure 19 shows a comparison between the total hardness and the wear rate with the data from the reference [15]. As illustrated in the Figure 13, the total hardness and the total wear rate decreased linearly. Therefore, the evaluation of wear resistance by relying on the two factors of the hardness ratio and the total hardness seems desirable.




4.2. Fracture Toughness and Contact Fatigue


Figure 20 shows the results of the contact fatigue test of the wheel and rail. In general, in the contact fatigue test the damage usually formed as pitting or spalling. In this study, the contact fatigue damage occurred on the surface of the rail specimen. Figure 21 shows cracks and microstructures in the wheels and rails. The microstructure of the contact surface was deformed by vertical and traction forces. Cracks originated from the surface and propagated along the deformed microstructure. The contact fatigue life of the pair of KS60-rail and RSW-wheel appeared 1.4 times longer than that of the pair of the UIC60-rail and R7-wheel. The result is opposite to that obtained from the wear test. In the wear test, the wear resistance of the pair of the UIC60-rail and R7-wheel was better than that of the pair of the KS60-rail and RSW-wheel. When the plastic deformation of materials by the cyclic contact load exceeded the critical shear strain, wear and contact fatigue damage occurred. Table 3 shows the yield strength and the elongation of the KS60-rail and UIC60-rail, respectively. Since the KS60-rail has lower yield strength with a higher elongation than that of the UIC60-rail, plastic deformation is more probable, with more wear owing to the material exceeding the critical value. Zhou et al. [34] conducted the wear and contact fatigue tests of the four materials of different carbon contents used for rail. They reported that materials with high carbon content had increased wear resistance as the hardness increased. However, as the hardness increased, the notch sensitivity factor of the material increased, and the fatigue resistance decreased due to a gradual transition from a wear-dominant mechanism to a fatigue-dominance mechanism. These results correspond to those obtained from the test conducted in this study.



The fracture toughness and the crack growth rate of materials are factors affecting materials with fatigue and failure. The fracture toughness represents the fracture resistance to critical cracks, whereas the crack growth rate represents the resistivity to crack growth. Figure 22 shows the fracture toughness and the crack growth rate of the two materials used for rail. The fracture toughness of the KS60-rail appeared higher than that of the UIC60-rail, whereas the crack growth rate appeared smaller than that of the UIC60-rail. Therefore, as illustrated in Figure 20, the contact fatigue life of the KS60-rail appeared longer than that of the UIC60-rail. Figure 23 shows the surface of a specimen that completed the contact fatigue test. The size of the surface damage of the UIC60-rail appeared larger than that of the KS60-rail. Since the mechanical property of the KS60-rail is rather ductile, that caused pitting on its surface easily; however, the pitting did not grow further owing to the larger amount of wear. On the contrary, the UIC60-rail showed a faster crack growth owing to its lower fracture toughness and higher hardness, which rendered less wear and eventually resulted in a surface damage larger than that of the KS60-rail. Such interaction between wear and contact fatigue corresponds to the experimental results reported by Donzzella et al. [18,19].



The wear and the contact fatigue of the wheel and rail are not results that develop independently; they are results of the interaction between them. Therefore, an assessment of the surface damage of the wheel or rail needs to take the fracture toughness and the crack growth rate into account as well as mechanical properties such as the hardness and torsional shear strength [35].




4.3. Residual Stress Evolution


Railway vehicles run by the repetitive rolling contact of the wheel and rail. When the contact stress exceeds the elastic limit by the first loading, the plastic deformation of the contact surface between the wheel and rail occurs and the residual stress is created. The residual stress created by the rolling contact varies according to the axle load, coefficient of friction, and tractive force. In this study, the residual stress evolution according to various contact conditions was examined. The residual stress in the wheel and rail is an important factor, because it affects either the rail or wheel with crack initiation, and it gives us information about the history of the loading applied to the contact surface. The initial residual stress before the beginning of the rolling contact test and the residual stress after tests were measured. The surface residual stress was measured through the X-ray method and is illustrated in Figure 24.



Figure 25 shows the variation in the residual stress according to the contact stress. In accordance with the increase in contact stress, the residual stress increased. With the increase in the contact stress, the plastic deformation also increased and the residual stress increased. In Figure 25, the residual stress created in the KS60-rail was larger than that in the UIC60-rail. This was due to the lower yield strength and the larger elongation of the KS60-rail than that of UIC60-60, which promoted the plastic deformation resulted in the larger residual stress.



The vertical load as well as the tractive force affect the rail and wheel with residual stress. Thus, the tests were conducted by changing the slip ratio to examine the residual stress in the KS60-rail in accordance with the tractive force. Water was used as a lubricant by taking the frictional coefficient varying in accordance with the lubrication. Figure 26 shows the friction coefficient variation under the dry and the water conditions. Under the dry condition without lubrication, the frictional coefficient increased proportionally to the increasing slip ratio, and it was 0.47 at the 1.5% of the slip ratio. Under the water condition, the friction coefficient was 0.17 at 0.5% of the slip ratio, showing a significant difference from that of the dry condition. However, the friction coefficient did not show a significant change after 0.5% of the slip ratio.



Figure 27 shows the residual stress variation according to the slip ratio. The residual stress in the initial test specimen was −50 MPa, and according to the increasing slip ratio, the residual stress increased under both the dry and the water conditions. Under the water condition, the residual stress was −200 MPa at 1.5% of the slip ratio, whereas it was −400 MPa at the same level of the slip ratio under the dry condition. The friction coefficient was associated with the tractive force of the wheel and rail. The tractive force increased proportionally to the friction coefficient. Therefore, the larger tractive force was generated in the dry condition and resulted in a residual stress larger than that which resulted in the water condition.



The contact fatigue damage to the wheel and rail can be explained by employing the maximum shear stress [36,37]. The fatigue index for predicting the contact fatigue life for cracks occurring on the surface can be expressed by Equation (5) [36,37]. The maximum shear stress can be expressed by Equation (6) using the maximum contact pressure and friction coefficient [36,37]. Figure 28 illustrates the relationship between the maximum shear stress and the residual stress. The linear relationship between the maximum shear stress and the residual stress is shown, and it is expressed by Equation (7).


  F  I  s u r f   = f −  k   P 0    > 0  



(5)






   τ  m a x   = μ  P 0   



(6)






   σ r  = − 0.45  τ  m a x   − 96.85  



(7)




where FIsurf is the fatigue index, f is the traction coefficient, µ is the friction coefficient, P0 is the maximum contact pressure, k is the shear yield strength, τmax and σr are the maximum shear stress and the residual stress, respectively.



In the case of full slip, the traction coefficient and the maximum coefficient of friction are equal, i.e., f = µ [37]. When estimating surface cracks using the fatigue index, the maximum shear stress can be used [37]. Since it is difficult to measure the maximum shear stress occurring on the specimen or wheel, the relationship between the maximum shear stress and the residual stress in Equation (7) can be used. Figure 29 shows the plastic deformation of and crack in the rail specimen at the 1.5% slip ratio. In this case, the residual stress was −406 MPa and the maximum shear stress was predicted to be 687 MPa from Equation (7). Assuming that the shear yield strength (k) is about 300 MPa [37], the occurrence of surface cracks could be predicted from Equation (5).





5. Conclusions


In this study, the mechanical properties and fatigue characteristics of the two types of wheel and rail were evaluated, and the effects on wear and contact fatigue were examined. The following conclusions were obtained.



(1) The KS60-rail and UIC60-rail appeared to have higher yield strength and hardness with lower elongation compared to those of the RSW-wheel and R7-wheel. The fracture toughness of the KS60-rail was 73 MPa√m, 1.8 times higher than the 41 MPa√m of the UIC60-rail.



(2) The wear resistance of the UIC60-rail and R7-wheel appeared better than that of the KS60-rail and RSW-wheel. The hardness ratios of the two types of test specimens appeared similar to each other; however, the pair of the UIC60-rail and R7-wheel showed a higher wear resistance, owing to its relatively higher total hardness. The evaluation of the wear resistance of a pair of wheel and rail solely by using the hardness ratios of respective materials would be inappropriate; the two factors of the hardness ratio and the total hardness should be taken into account together for an assessment.



(3) The mechanical properties of the tensile strength and hardness of the UIC60-rail appeared better than those of the KS60-rail. However, the contact fatigue life of the UIC60-rail appeared shorter than that of the KS60-rail. This was attributable to the fracture toughness and crack growth rate of the KS60-rail, which were superior to those of the UIC60-rail. Thus, the assessment of contact fatigue life should take the fracture toughness and the crack growth rate into account as well as the mechanical properties of tensile strength and hardness.



(4) The residual stress in the KS60-rail appeared higher than that in the UIC60-rail. This was due to the lower yield strength and larger elongation of the KS60-rail than those of the UIC60-rail. The residual stress in KS60-rail increased proportionally to the maximum shear stress.
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Figure 1. Manufacturing process of the wheel: (a) heat treatment process; (b) temperature variation. 
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Figure 2. Microstructure of wheels and rails: (a) R7-wheel; (b) RSW-wheel; (c) UIC-rail; (d) KS60-rail. 
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Figure 3. Specimen configuration for tensile test. 






Figure 3. Specimen configuration for tensile test.



[image: Metals 12 00630 g003]







[image: Metals 12 00630 g004 550] 





Figure 4. Comparison of yield and tensile strength by wheel and rail steel. 
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Figure 5. Comparison of hardness by wheel and rail steel. 
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Figure 6. Orientation of fracture toughness and crack growth specimens: (a) wheel; (b) rail. 
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Figure 7. Specimen configuration for crack growth rate test. 
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Figure 8. Fatigue crack growth rate test results. 
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Figure 9. Comparison of fatigue crack growth rate. 
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Figure 10. Cycles vs. crack length in rail steel. 
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Figure 11. Specimen configuration for fracture toughness test. 
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Figure 12. Comparison of fracture toughness by wheel and rail steel. 
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Figure 13. Schematic diagram of the twin-disc test machine. 
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Figure 14. Location and orientation of the test specimen: (a) wheel; (b) rail. 
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Figure 15. Shape and dimensions of rolling contact specimen. 
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Figure 16. Comparison of wear rate of wheel and rail. 
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Figure 17. Total wear rate and difference. 
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Figure 18. Hardness ratio and total hardness. 






Figure 18. Hardness ratio and total hardness.



[image: Metals 12 00630 g018]







[image: Metals 12 00630 g019 550] 





Figure 19. Relationship between total hardness and wear. 
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Figure 20. Contact fatigue test results. 
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Figure 21. Microstructure and cracks generated on the surfaces of wheel and rail specimens: (a) wheel specimen (R7); (b) Rail specimen (UIC60). 






Figure 21. Microstructure and cracks generated on the surfaces of wheel and rail specimens: (a) wheel specimen (R7); (b) Rail specimen (UIC60).



[image: Metals 12 00630 g021]







[image: Metals 12 00630 g022 550] 





Figure 22. Comparison of fracture toughness and fatigue crack growth rate. 
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Figure 23. Wheel and rail surface condition after fatigue test: (a) Rail: KS 60; (b) Wheel: RSW; (c) Rail: UIC 60; (d) Wheel: R7. 
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Figure 24. Residual stress measurement. 
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Figure 25. Residual stress variation according to contact stress. 
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Figure 26. Friction coefficient variation according to slip ratio. 
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Figure 27. Residual stress variation according to slip ratio. 
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Figure 28. Relationship between residual stress and maximum shear stress. 
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Figure 29. Plastic flow and crack at slip ratio of 1.5%. 
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Table 1. Chemical composition of rail steel (wt.%).
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	Steel
	C
	Si
	Mn
	P
	S
	Al
	N





	KS60
	0.63–0.75
	0.15–0.30
	0.70–1.10
	0.030
	0.025
	
	



	UIC60
	0.65–0.82
	0.13–0.60
	0.65–1.25
	0.030
	0.008–0.030
	0.004
	0.009
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Table 2. Chemical composition of wheel steel (wt.%).
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	Steel
	C
	Si
	Mn
	P
	S
	Cr
	Cu
	Mo
	Ni
	V
	(Cr+Mo+Ni)





	RSW
	0.67
	0.15
	0.6–0.8
	0.045
	0.045
	0.35
	
	
	
	
	



	R7
	0.52
	0.40
	0.80
	0.035
	0.035
	0.30
	0.30
	0.08
	0.30
	0.05
	0.50
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Table 3. Tensile test results.






Table 3. Tensile test results.





	Steel
	Yield Strength

(MPa)
	Ultimate Strength

(MPa)
	Elongation.

(%)





	KS60
	706
	859
	15



	RSW
	508
	908
	21



	UIC60
	772
	943
	12



	R7
	547
	879
	22
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Table 4. FCGR characterizing parameters.
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	Specimen No.
	C
	m
	△K

(MPa√m)
	da/dN

(m/Gc *)
	△K

(MPa√m)
	da/dN

(m/Gc *)





	KS 60
	3.3 × 10−3
	3.21
	10
	5.37
	13.5
	14.07



	RSW
	1.4 × 10−3
	3.41
	10
	3.55
	13.5
	9.87



	UIC 60
	1.3 × 10−2
	2.78
	10
	7.59
	13.5
	17.47



	R7
	6.9 × 10−4
	3.66
	10
	3.16
	13.5
	9.49







* Gc = 1E9 cycle.
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