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Abstract

:

With the rapid development of railway towards being high speed and having heavy load capacity, the wheel–rail wear and rolling contact fatigue in the curve section with a small radius of freight have become the key problems in urban railways, which need to be solved urgently. The aims of this study were to compare the wear resistance with three different lubricating conditions on wheel–rail wear based on the wheel–rail rolling contact simulation tests. The wear loss, microhardness, and microstructure of the contacted surface of the rail were detected systematically. The results showed that the wear rates of rail were reduced by 71% for grease lubrication and 55% for solid lubrication, compared to those without lubrication. At the same time, the thickness of plastic deformation layer of rail samples were about 167 μm for the dry state, 138 μm for the solid lubrication state, and 128 μm for the oil lubrication state, respectively. It indicates that the thickness of the plastic deformation layer was significantly reduced under both grease and/or solid lubricating conditions. In addition, the microstructure of the deformation layer with two kinds of lubricated states was coarser and denser than that without lubricants. The average grain size of the deformation layer was approximately 0.22 μm under dry conditions and 0.32 μm under lubricated conditions. It also indicated that the changes in lubricants did not have a significant effect on the average grain size of the deformation layer. The results of the present study could provide theoretical reference for the development and design of lubricants used as rail materials.
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1. Introduction


With the rapid development of rail transport, the speeds of trains are gradually increasing, which have put forward the higher requirements for the safety and stability of railway systems [1,2,3]. The daily operation and maintenance of the wheel–rail are also facing new technical challenges, especially for the heavy haul railways and urban rail systems with small curve radii. There are mainly two reasons for these challenges. First, railway wheels operate in a demanding environment with high normal contact forces and significant tangential forces. The resulting stresses often exceed the yield stress of the as-manufactured wheel material, leading to plastic flow, wear, and fatigue damage [4]. The other reason is that the curved steel rails with small radii have always been the top priority in railway track maintenance and repair [5]. The lateral force of the small-radius curved wheels and rails is relatively large, and the rails suffer from varying damages such as side wear, wave wear, and rolling contact fatigue, which seriously restrict and affect the service life and safety of the small-radius curved rails. It also leads to the increase in costs and the decrease in service life of wheels and rails [6,7,8]. Moreover, surface damage and friction have become the important problems for affecting the running safety and passenger comfort. It is known that wheel–rail contact is often an open system contact that is influenced by various environmental conditions, such as temperature, humidity, water, and even leaves [9]. All these environmental factors affect the friction and wear between wheel and rail. To remain competitive with other forms of transport, it is necessary to keep the costs and capital investments minimum in the railway industry. In recent years, although the friction modification technology and the lubricant products used between wheels and rails have been widely developed and applied [10], a more effective friction modification technology or lubricant product is still urgently necessary to achieve lower friction losses. Therefore, the correct use and selection of lubricants has become a vital issue to improve the wear properties of rails, particularly of small-radius curved rails.



Regarding this issue, lubricants between wheels and rails have been widely investigated. It is well known that rail lubrication can reduce the friction coefficient of the contact interface between the wheel and the rail to about 0.1, thus alleviating the rail wear and fatigue damage. It is an effective method to maintain good wear properties during service even in the small-radius curved rails [11,12,13,14]. Commonly, the friction modification between the wheel and the rail could be divided into two kinds, i.e., rail side lubrication and top-of-rail (TOR) friction modification. The problems of rail side wear and noise could be easily solved by the addition of lubricants, but it is different from the TOR friction modification. TOR friction modifiers entail the direct application of lubricating material (TOR friction modifiers) onto the top surface of the steel rail. In order to maintain the safety of a train during its operation, TOR friction modifiers should have a “moderate friction coefficient level”, i.e., the friction (adhesion) coefficient of the wheel tread/rail head interface should be controlled within the range of 0.1–0.3 [15]. In other words, TOR friction correction technology not only reduces friction to decrease wear loss but also meets the adhesion coefficient requirements for normal traction and braking of trains. Therefore, the selection and use of lubricants on the TOR is an important anti-friction technique for extending the service life of rails and reducing the costs of railways during operation and maintenance.



Presently, there are various types of lubricant materials, including oil-based, water-based, oil-like, and solid-like, with varying lubrication effects [16]. Oil-like and solid-like lubricants are the most common lubricating materials to be used in rails to simultaneously reduce wear loss and improve wear performance. However, most studies were focused on the formation and propagation mechanism of rolling contact fatigue cracks between wheels and rails. And the results showed that the water and oil often lead to low adhesion during contact, and it accelerates the propagation of pre-existing cracks because of the fluid hydrostatic pressure. With the significant improvement in rail performance, the formation of cracks becomes less likely to occur, and the wear resistance of high-performance rails before cracks still needs attention, but the effect of different lubricant materials on the wear of novel high-performance rails (U77MnCrH) is rarely reported. In addition, previous references were mostly focused on qualitative reports on the wear mechanism with or without lubrication conditions. The present study would quantitatively investigate the wear weight loss, the thickness, and the microstructure evolution of the plastic deformation layer during wear under different lubrication conditions. This study aims to increase the knowledge about the lubrication of contacted interface of high-performance rails, more specifically, about the effect of lubrication materials on the wear of high-performance rails.



In the present study, the wear loss, microhardness, and microstructure of the contacted surface of the high-performance rail with three different lubricating conditions were investigated based on the wheel–rail rolling contact simulation tests. It could provide theoretical reference for the development and design of lubricants used in high-carbon high-performance rails.




2. Materials and Methods


A GPM-30A rolling contact fatigue testing machine was used during friction and wear experiments under dry and various lubrication conditions, which could load a vertical load of 1.2~30 kN and the rotation rate could be smoothly regulated between 5 and 2000 r/min. The standard of GB/T 10622-1989 was applied to test and machine samples. By setting the rotation speed of the main and assistant shafts, the slip ratio could meet the experimental requirements. The diagram of the testing machine and the sample is shown in Figure 1. Three replicas of each wear condition were used to improve the testing results, and the average was reported in this paper.



The rail material was named as U77MnCrH, and the wheel material was CL65. Table 1 and Table 2 provide the chemical composition and the corresponding mechanical properties, respectively. Based on their chemical composition, it is obvious that wheel steel was a hypoeutectoid steel, while rail steel was an eutectoid steel. The contents of Mn and Cr in rail steel were higher than those in CL65 steel, while the contents of Mo and V were lower than those in CL65 steel. In addition, it is observed that the tensile strength, yield strength, elongation, reduction in area, and hardness of the rail at room temperature were 1262 MPa, 718 MPa, 13.25%, 40%, and 371 HBW, respectively, while they were 1077 MPa, 697 MPa, 15.50%, 41%, and 333 HBW, respectively, for CL65 steel. It demonstrated that the strength and the hardness of CL65 steel were significantly lower than that of U77MnCrH, but the elongation and reduction in area of the rail were only slightly higher that those of the wheel. In addition, Figure 2a,b give the microstructures obtained by the optical microscope (OM) of rail and wheel, and their corresponding scanning electron microscopes (SEM) microstructures are shown in Figure 2c and Figure 2d, respectively. It indicated that the microstructure of the rail mainly consisted of pearlite, while the microstructure of the wheel comprised pearlite and ferrite, and the ferrite was distributed along grain boundaries. The volume fractions of the ferrite and pearlite was calculated to be 9.8% and 90.2% by the Image Pro Plus software. Moreover, a software of Nano Measurer was applied to determine the pearlite interlamellar spacing of the rail and wheel from the corresponding SEM images. The statistical results shows that the pearlite interlamellar spacing of the rail is 196 ± 12.4 μm, while it is 311 ± 23.6 μm for the wheel. The soft phase of ferrite and the larger pearlite interlamellar spacing lead to the decrease of strength and hardness in wheel, compared to that in rail. The microstructure was shown to be consistent with the mechanical properties.



Based on the relevant references of some heavy-duty lines, the experimental stress of 1200 MPa was applied, and the following experimental conditions were selected according to Hertzian contact theory [17,18]. The vertical load was 1400 N, and the outer edge curvature of the steel rail sample was 200 mm, and the width of the boss was 5 mm. Table 3 provides the specific experimental parameters. It should be noted that a slip of 0.5–2% is usually assumed during the laboratory rolling contact experiments. However, in this study, due to the research location being the side wear position, the proportion of sliding friction is greater than that of the tread position, so the slip of 4% is assumed. Similarly, a high contact stress of 1200 MPa is selected for the experiment. This is because the simulated wear test conditions of this experiment mainly involve the wear at the contact points between the wheels and the upper steel rail when a 30t axle load train passes through an 800 m radius curve. Due to the small contact spot between the wheel and the rail, the contact stress sharply increases, and the contact stress at the side wear position could reach 1200~1800 MPa. Moreover, the shape and size of the test samples are shown in Figure 3. It is known that the outer edge of the wheel sample was flat.



During the wear tests at room temperature, the grease lubricant was dripped using a needle tube, while the solid lubricant was applied by hands. The density, kinematic viscosity, water content, and pour point of grease lubricant produced by Tianjin Qihong Fine Chemical Co., Ltd., Tianjin, China, were 0.9 g/cm3, 135 mm2/s, 0%, and −40 °C, respectively. It was composed of a crosslinker, basis grease, and an anti-wear agent. The crosslinker had C9 and C5 petroleum resin, polyethylene wax of grades 100 and 120, masterbatch, terpene resin, aldehyde ketone resin, and paraffin wax of grades 100, 108, and 140. In addition, the basis grease consisted of lithium stearate base grease of grades Nos. 1, 2, and 3, as well as calcium sulfonate base grease of grades Nos. 1, 2, and 3. The anti-wear agent was composed of graphite, molybdenum disulfide, copper powder, melamine (MCA), polytetrafluoroethylene (PTFE), and zinc powder. In contrast, the solid lubricant with the superior environmental performance was provided by Beijing China Railway Science and Technology Co., Ltd., and its model was TK SL-V. Its hardness was 40 A according to the standard of GB/T 2411. Moreover, its ingredients included the thickener of polyurea, base oil of mineral oil, and cagasin (HVI650 and PAO), and additives such as T361A, melamine (MCA), zinc salt of butyl octyl thiophosphate (ZDDP), T561, and diphenylamine.



Figure 4 shows the schematic diagram of adding lubricants. The adding frequency was determined by the dynamic friction coefficient at the contact position of the sample. When the number of revolutions reached 5000, the lubricant was added for the first time, and the friction coefficient after adding the lubricant should not be less than 0.1 [19,20]. The next cycle of adding lubricants began when the dynamic friction coefficient reached above 0.5. The additional amount used each time was 20 μL for the grease lubricant and 20 mg for the solid lubricant, respectively [21]. It is noted that the adding frequency/volume applied in wear testing was obtained according to the theoretical calculation and the measurable dynamic friction coefficient [21].



The hardness of the contact surface of all samples after wear test was determined by a Vickers hardness tester with a load of 0.10 kgf and a loading time of 10 s. The microstructure after wear tests was observed by a Zeiss optical microscope and a Nano 400 field emission scanning electron microscope (FE-SEM). The samples under various lubrication conditions were cut along the rotation direction (longitudinal), and they were embedded, polished, and etched in 4% nital before observation. In addition, the distribution of grain sizes was revealed by electron backscatter diffraction (EBSD) with a scanning step of 0.15 μm at a voltage of 20 kV with an Oxford operating system. The hardness was detected by the Vickers hardness tester. It is noted that the hardness within the top 50 microns of the sample was detected by the Hysitron TI980 nanoindentation tester due to the limitation in experimental condition.




3. Results and Discussion


3.1. Wear Loss


Figure 5a gives the friction coefficient curves between the rail and wheel during the whole wear test under different lubrication conditions. In addition, after 50,000 rotations wear tests, the wear losses of U77MnCrH and CL65 under dry, grease, and solid lubrication conditions are compared and the results are shown in Figure 5b. It is obvious that under the current lubricating conditions, the wear loss under grease lubrication is less than that under solid lubrication, indicating that the wear reduction effect of grease lubricant is better than that of solid lubricant. Compared with the wear loss under dry lubrication conditions, it reveals that both grease and solid lubricants play an important role in lubricating and lowering wear loss. The wear loss ratio (lubrication/dry condition) of the grease lubricant is about 71%, while it is about 55% for the solid lubricant. It could be attributed to the fact that the oil film thickness under the grease lubricating condition is thicker than that under the solid lubricating condition, and the shear strength under the grease lubricating condition is greater [22,23], resulting in the lowest wear loss. In addition, the largest total wear loss is detected in the dry samples. It is because the wear performance of the rail is related to surface hardening and the wear coefficient under the dry condition increases sharply [24,25].




3.2. Hardness


The change trends of hardness on the transverse sections from the contact surface hardening layer to the matrix under different lubrication conditions are shown in Figure 6. The hardness of the sample decreases with the increase in the distance between the contacted surface and the matrix and finally stabilizes between 350 and 400 HV under all lubrication conditions. The various hardness values are related to the distribution of the microstructure. It can be seen from Figure 6 that the hardness of the sample under dry conditions enters a stable floating stage at a distance of about 250 μm, while this stage is reached at about 150~200 μm under the grease and solid lubrication conditions. When the suffered yield stress of the contacted material exceeds its yield strength during the rolling contact process of the wheel and the rail, the wheel and the rail will undergo plastic deformation and form a hardening layer. After a sufficient rolling contact, the thickness of the plastic deformation layer eventually is stabilized at the exact value. The results given in Figure 6 indicate that the addition of lubricants effectively lowers the thickness of the surface hardening layer.



In addition, in order to accurately analyze the change trend of hardness in the deformation layer and to avoid the limitation of Vickers hardness tester, the Hysitron TI980 nanoindentation tester is used to determine the evolution of hardness within the top 50 μm of the deformation layer. The measuring points are designed as two rows of points that diverge from each other at a distance of about 15 μm. The first point is about 5 μm away from the contacted surface. The interval between the two points in the same row is about 5 μm. The pressure of the indenter is set to be 10,000 μN. The loading time, holding time, and unloading time are 5, 2, and 5 s, respectively. The position of the points is shown in Figure 7, and the left side of the view field is the contacted surface of the rail materials.



Based on the above measurements, the hardness gradient within a depth of 50 μm initiated at the contact surface is obtained. In addition, according to Appendix F of Standard ISO 14577-1-2015, an empirical conversion relationship between indentation hardness, HIT, and hardness, HV, is obtained. Indentation hardness, HIT (MPa), and Vickers hardness, HV (kgf/mm2), could be transferred equivalently by the following Equations (1) and (2):


    H   I T   =   F     A   P      



(1)






  H V =   1     g   n     ×   F     A   S      



(2)




where gn is the gravitational acceleration of 9.80665 m/s2; Ap is the projected area of the indenter; and As is the surface area of the indentation.



Therefore, it can be seen that the Vickers hardness in HV could be obtained by the corresponding hardness in HIT with a conversion factor. For any depth of indentation, the ratio of the projected area (Ap) of the indenter to the surface area (As) of the indentation is a constant. In the present study, an improved glass-type indenter with an angle of 65.27° between the surface of the pyramid indenter and the axial direction is used. According to the results reported in reference [26], it is known that the ratio of Ap/As is 0.9083. Therefore, Equation (3) can be obtained as follows.


  H V =   10   3   ×   1     g   n     ×     A   P       A   S     ×   F     A   P     =   10   3   ×   1     g   n     ×     A   P       A   S     ×   H   I T   = 92.62   H   I T    



(3)







Figure 8 shows the nanoindentation test results of U77MnCrH within a depth of 50 μm in the plastic deformation layer initiated at the contact surface under different lubrication conditions. It indicates that the hardness decreases with the increase in the depth of the deformation layer. As mentioned above, the plastic deformation will be formed on the surface of the sample during the wear process. The contacted surface has the highest hardness value due to the most severe deformation. In addition, the hardness values under dry, solid lubricant, and grease lubricant conditions increase sequentially. It implies that the surface work hardening effect under grease lubrication is the most obvious after a certain wear time before cracks, leading to the lowest total wear loss. It is consistent with the wear loss result shown in Figure 5. The main reason is that, after adding grease lubricant, the grease material will easily adhere to the surface of the sample, and the deformation on the surface of the wear sample will increase cyclically without diffusing deeper into the matrix. It leads to the densest deformation microstructure. In addition, under the dry condition, in the surface deformation layer, the process of dynamic recovery and recrystallization is easier to occur due to the highest friction temperature and deformation stress [27,28,29]. Therefore, the hardness value under the dry condition is lowest on the top 50 μm deformation layer, while it is highest under the grease lubrication condition. And it is known that a lower hardness of wear materials will result in a higher wear loss. The lowest hardness value is observed under the dry condition when compared with those under grease and solid lubricating conditions, leading to the largest wear loss of wear samples under the dry condition. It is also consistent with the results shown in Figure 5.




3.3. Microstructure


Figure 9 provides the OM microstructure of the obvious plastic deformation layer of the dry, solid lubrication, and grease lubrication samples, respectively. It is obvious that the lesser the distance from the contacted surface, the more robust the microstructure. In addition, the thickness of the plastic deformation layer could be measured by their corresponding OM images, and it is about 167 μm for the dry state, 138 μm for the solid lubrication state, and 128 μm for the oil lubrication state, respectively. It indicates that the plastic deformation layer of the contact surface of the rail is deepest under the dry condition, which is consistent with the analysis results of the hardness gradient in Figure 6. Under the grease and/or solid lubrication conditions, the thickness of the plastic deformation layer of the rail is thinner than that under the dry condition. It could be caused by the higher fraction coefficient. Under the dry condition, the fraction coefficient is obviously higher that that under the lubrication condition, leading to the larger pressure on the surface. Therefore, the deepest deformation layer is obtained under the dry condition.



Figure 10 shows the IPF images of the EBSD analysis, showing the distribution of grain size of the surface deformation layer under different lubrication conditions. The number and size of grains in the field of view are provided in Table 4. It can be seen from Figure 10 that the grain size on the top surface is the finest, and it increases with the depth of the plastic deformation layer until it is equal to the grain size of the matrix. Therefore, as the depth in the plastic deformation layer increases, the hardness gradually decreases until it reaches the matrix level. In addition, compared with the grease/solid lubricating conditions, the smallest grain size is obtained in the samples subjected to the dry condition. In this case, under dry friction conditions, the work of plastic deformation increases, thereby promoting a better grain refinement. At the same time, heating increases and hardness decreases due to the relaxation of internal stresses. In this case, the grain size can remain very small. If a lubricant is used, the intensity of deformation is simply reduced due to less friction. And this also leads to a decrease in temperature in the tribocontact zone and, therefore, less pronounced stress relaxation due to surface heating. The result is slightly larger grains than with dry friction, but higher hardness due to lower stress relaxation. Here, it is noted that although the finer microstructure causes higher hardness due to the fine grain strengthening effect [30,31], the hardness is also significantly related to the dislocation density in deformation samples [32,33]. Under the dry condition, the occurrence of dynamic recovery and recrystallization leads to the lowest dislocation density, and thus, the hardness value in the 50 μm plastic deformation layer is smallest even with the smallest grain sizes.



Figure 11 shows the SEM microstructure of the wear surface of the rail samples under different lubrication conditions. It manifests that, under the same wear test conditions, the microstructure of samples with lubricating medium is denser than that of the dry sample. This could be related to the formation of the protection oil film due to the addition of lubricants. The formation of the protection film leads to a lower wear loss. In addition, there are no obvious cracks found on the contacted interfaces of all three samples. It implies that the rail of U77MnCrH has a superior matching of strength and toughness. Apart from this reason, it also could be related to the contact stress and the wear time during the present wear test. The grease and solid lubricants quickly dried up and formed a solid lubricant layer after being applied to the wheel–rail contact interface. In addition, there is an interesting intrinsic reason for the similar microstructures produced during wear under grease and solid lubrication conditions. It may be related to the number of wear cycles and the chemical composition of lubricants. The different effect mechanisms of different lubricants on cracks and fatigue will be further discussed in detail in the future.



The main novelty of the present study is the wear weight loss, the thickness, and microstructure evolution of the plastic deformation layer during the wear process under different lubrication conditions between the CL65 steel and the high-performance rail steel (U77MnCrH). The results showed that the thickness and the microstructure of the plastic deformation layer are rarely affected by the type of lubricants. In other words, the types of lubrication materials, i.e., grease and solid lubricants, selected by the present study had little effect on the thickness and the microstructure of the deformation layer, when the high-performance rails, i.e., U77MnCrH, were tested.





4. Conclusions


In this study, the effects of different lubricating materials on the wear performance of the high-performance U77MnCrH were investigated based on the wheel–rail rolling contact simulation tests. The main conclusions that can be drawn are as follows:




	(1)

	
Both grease and solid lubricants played an important role in reducing wear loss. Under the current experimental conditions, the rates of wear loss of U77MnCrH were reduced by 71% for grease lubrication and 55% for solid lubrication, compared with that under the dry condition.




	(2)

	
The thickness of plastic deformation layer of rail was measured to be 167 μm for the dry state, 138 μm for the solid lubrication state, and 128 μm for the oil lubrication state, respectively. The thickness of the plastic deformation layer was largest under dry lubricating conditions.




	(3)

	
The microstructure of the deformation layer was coarser and denser under the two lubricated states compared to that under the dry condition. The lubricants types had little effect on average grain sizes.
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Figure 1. Schematic diagram of the contact mode between the test equipment and rail samples. 
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Figure 2. OM microstrcuture (a,b) and SEM microstrcuture (c,d) of the matrix: (a,c) rail and (b,d) wheel. 
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Figure 3. Schematic diagram of samples: (a) rail and (b) wheel. 
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Figure 4. Schematic diagram of adding lubricants: (a) grease lubricant and (b) solid lubricant. 
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Figure 5. (a) Friction coefficient curves and (b) wear loss of rail samples under different lubrication conditions. 
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Figure 6. Hardness gradient on the cross-section of rails under different lubrication conditions. 
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Figure 7. Nanoindentation on the surface deformation layer of rails under grease lubrication condition. 
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Figure 8. Nanoindentation test results of U77MnCrH under different lubricating conditions. 
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Figure 9. OM microstructure of the obvious plastic deformation layer of different sample cross-sections: (a) under dry condition; (b) under solid lubricant condition; and (c) under grease lubricant condition. 
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Figure 10. EBSD analysis of wear samples on cross-section under different lubrication conditions with different magnification: (a) 500× and (d) 4000× under dry condition; (b) 500× and (e) 4000× under solid lubricant condition; and (c) 500× and (f) 4000× under grease lubricant condition. 
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Figure 11. SEM microstructure of the contacted surface under (a) dry condition; (b) solid lubricant condition; and (c) grease lubricant condition. 
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Table 1. The chemical composition of rail and wheel materials (wt.%).
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