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Abstract

:

Differing from the published documents on the effect of texture distributions of sliding tribo-pairs on their friction and wear properties, this study introduced eight patterns to reveal the influence of different distributions of pits on the tribological behavior of textured rolling element bearings with nylon cages under dry condition, namely: Outside-1/4 (OS1/4), Outside-1/2 (OS1/2), Outside-3/4 (OS3/4), Inside-1/4 (IS1/4), Inside-1/2 (IS1/2), Inside-3/4 (IS3/4), Bothside-1/3 (BS) and full (FP). A fiber laser marking system was used to prepare them on the raceways of the shaft washers of cylindrical roller thrust bearings (81107TN). A vertical universal wear test rig was used to obtain their coefficients of friction under an axial load of 2600 N and a rotating speed of 250 RPM, without any lubricant provided. Their wear losses and worn surfaces were characterized. The influence mechanism of different distributions on the tribological properties was also discussed. The results show that the self-lubricating performance of nylon cages can ensure the continuous operation (≥5 h) of cylindrical roller thrust bearings under dry condition. The influence of outside-distributed patterns on the friction and wear properties of bearings is significant. The friction-reducing effect and wear resistance of full textured group is improved but not the best. The friction-reducing and anti-wear behavior of OS1/2 is similar to that of FP. In this work, OS3/4 can provide the best tribological performance under self-lubricating conditions. Compared with the data of smooth bearings, its average coefficient of friction and wear loss can be reduced by 37.68% and 38.85%, respectively. This work would provide a valuable reference for the raceway design and reliability optimization of rolling element bearings.
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1. Introduction


In a highly developed modern society, the generation, manufacturing and transportation of power are central industrial activities, which all rely on the involvement of moving parts and interacting surfaces [1]. In order to realize the reliable and long-term employment of such machines, the friction and wear on interacting surfaces should be enhanced. In fact, the tribological behavior of those surfaces is mainly influenced by surface characteristics (e.g., roughness, hardness and topography), contact type, lubrication regime, loads, lubricant, as well as materials [2,3,4].



Surface characteristics and materials are the only two factors that can be customized according to individual requirements or specific conditions among all of the above-mentioned, partially or entirely. Surface texture (ST) can create periodically distributed macro-/micro-units (e.g., pillar, pit, groove and grid) on the target surfaces in a geometry or pattern to tune their tribological properties. During surface texturing processing, there is no external element added [5,6,7,8,9,10,11,12,13,14,15]. The published works on the different distributions of textured units or local-distributed texture patterns are all focused on the journal bearings by now [16,17,18,19,20]. Morris et al. studied the micro-hydrodynamic and friction behavior of chevron-based textured patterns under low loads (12.4 N) and reciprocating sliding conditions. They also proposed a method that combined numerical and experimental research to determine the beneficial effect of pressure disturbance caused by micro-hydrodynamics on the lubricant reservoir trapped in the textured cavity and the improved micro-wedge flow. Their results show that low sliding motion textured surfaces of suitable geometry, pattern and distribution can induce micro-hydrodynamic pressure perturbations, thus enhancing lubricant film thickness. Lubricant retention in the created micro-reservoirs, as well as pressure perturbations at the inlet conjunction, can result in differing extents of effective micro-wedge effect. The texture pattern and distribution can be optimized for given conditions, dependent on the intended application under laboratory conditions, and near optimal conditions may suffice for most application areas [21]. Rahmani R. et al. examined the performance of partially textured sliding surfaces with rectangular and triangular features. To obtain optimum texture characteristics for maximum load carrying capacity, they outlined an approach to obtain a set of global optimum design parameters for partially textured surfaces. Their analysis shows that the performance of a textured surface deteriorates as the number of features increases. The optimum performance can be achieved when approximately between two-thirds and three-quarters (depending on the feature shape) of the overall contact domain is textured [22]. Vlădescu S. C. et al. fabricated three texture configurations on the surface of shell components to research the impact of surface texturing on the friction of crankshaft bearings and found that the full textured shells showed a substantial reduction of friction (approximately 18%) compared with the non-textured reference. Friction reductions of up to 13% were observed using shells that were only textured outside the loaded region [23].



The related research on rolling element bearings (REBs) has not been reported yet. Cylindrical roller thrust bearings (CRTBs) are commonly used to bear huge axial force and limit the axial displacement of shafts in rotating tools or devices, such as impact hammers, electric screwdrivers, universal wheels, machine tools, etc. Due to their unique separability, CRTBs are also used to research the influence of surface texturing on the tribological performance of rolling element bearings. The bearings may be cheap, but their failures, caused by contamination, poor lubrication, wrong fits, misalignments, etc., are costly. Rosenkranz A. et al. fabricated dots on the raceways of washers of 81212 bearings (SAE 52100) with a periodicity of 6.5 μm and a depth of 1 μm, and finally obtained an 83% reduction of the wear loss of the textured bearing compared with that of a smooth reference [24]. Long R.S. et al. also researched the influence of different texture units (pits, grooves and leaf-veins) on the tribological behavior of 81107TN bearings [2,25,26,27,28,29]. However, the effect of the distribution of units on the friction and wear performance of rolling element bearings is still unclear, especially under dry condition [30].



Obviously, roller element bearings operating without any lubricant (either oil or grease) is very uncommon and can only be the case for extreme operating conditions (temperature and vacuum) or cleanliness requirements. Even in these cases, usually a solid lubricant, such as graphite, DLC or 2D material coatings (e.g., MoS2, graphene, MXenes, etc.) is employed [31,32]. In our previous trials, an 81107 bearing with a copper cage was tested to reveal its tribological behavior under a vertical load of 2600 ± 100 N and a rotating speed of 250 RPM, without any lubricant. When the test started, the temperature of the bearing rose very fast and it was quickly blocked, leaving a lot of copper powder in the cavity of the tribo-pair. However, the result was different in the case of nylon cages [33]. Due to the good self-lubricating performance of nylon, the 81107TN (YFB, Changzhou, China) bearings with nylon cages kept running for more than 5 h under the same conditions, without cage fracture or roller blocking phenomena. Therefore, based on previous works [2,25,26,27,28,29], and differing from the textured sliding tribo-pairs in Refs. [21,22] and coatings used in Refs. [31,32], eight distributions of pits were manufactured on the shaft washers of 81107TN bearings with self-lubricating nylon cages and tested to obtain their coefficients of friction (COFs) using a vertical universal tribo-tester under dry condition, i.e., without any lubricant provided. The mass losses and worn surfaces of shaft washers (both textured and smooth) were measured and characterized. The influence mechanism of the distributions of pits on the friction and wear properties of cylindrical roller thrust bearings was also discussed. This work would provide a valuable reference for the raceway design and reliability optimization of rolling element bearings.




2. Materials and Modeling


The sketch of the 81107TN bearing can be found in Ref. [25]. The diameter of the inner hole of shaft washer is 35 mm. The diameter of the inner hole of housing washer is 37 mm. The outer diameters of the shaft washer and housing washer are 52 mm, with the same thickness of 3.5 mm. The diameter and height of rollers are 5 mm. Among all parts, the shaft washer, housing washer and rollers are fabricated by GCr15 (SAE 52100). Their harnesses are about HRC 60 ± 1 and their surface roughness is about 0.8 μm. The cage is made of nylon (PA66, Black).



The pits are prepared on the raceways of shaft washers usinga fiber laser marking system. The parameters of fiber laser marking system (PL100-30W, Sepbase, Shenyang, China) include: laser power, 30 W; scanning speed, 100 mm/s; and frequency, 72 kHz. The laser wavelength is 1064 μm. The dimensions of the pits in this work are all the same: the diameter is 300 μm and the depth is 15 μm. Through repeated trials, the circumferential interval angle is set to 1.5° and the distance between two adjacent pits is set to 0.89 mm (see Figure 1a). According to the distributions of pits, there are eight patterns introduced: Outside-1/4, Outside-1/2, Outside-3/4, Inside-1/4, Inside-1/2, Inside-3/4, Bothside-1/3 and full. They are coded as OS1/4, OS1/2, OS3/4, IS1/4, IS1/2, IS3/4, BS and FP, respectively (see Table 1). A group of smooth bearings are introduced as a reference and coded as SS. To eliminate the human and uncertain factors during wear tests, the wear tests of each pattern were repeated three times using three bearings. Thus, the total number of bearings consumed is 27.



Note that the antirust oil on the shaft washer must be removed before marking. Prior to each wear test, the following pre-treated procedures should also be conducted: first, polish the textured shaft washers with sandpapers (from 800# to 2000# grades) to remove the micro-bulges along the edges of pits (see Figure 1b,c); second, clean the polished washers in an ultrasonic cleaner (VGT-1620QTD, China) for 15 min, and dry them using a hot-air blower. A vertical universal wear test rig (MMW-1A, Huaxing, Jinan, China) was used to research the tribological properties of bearings using a customized tribo-pair (see Figure 2) under a vertical load of 2600 ± 100 N and a rotating speed of 250 RPM, without any lubricant provided [21]. The room temperature is 22 ± 1 °C and the humidity is 35 ± 5%. In this work, 2600 ± 100 N and 250 RPM are a combination determined by repeated trials and can ensure that all groups may complete their tests and have obvious variations in their COF curves. The duration of each test is 18,000 s, which is dependent on the maximum sampling number of wear test rig.



When one test was finished, prior to mass measurement, the shaft washer was cleaned in the ultrasonic cleaner for 15 min and then dried with hot air. An electronic analytical balance (EX225D, Ohaus, Parsippany, NJ, USA) with a precision of 0.1 mg (0.01 mg readability) was used to measure the mass of the shaft washer before and after testing. The difference between the measured weight before and after is the wear loss of the shaft washer.




3. Experimental Results


3.1. COFs and Wear Losses


The COF curves of cylindrical roller thrust bearings with self-lubricating nylon cages under dry condition are shown in Figure 3. To easily compare the differences among the groups, the curve of SS is also added as a reference. Note that each COF curve in the figure is the average curve of three tests of three bearings. Evidently, the curves in Figure 3 are quite different from those in Ref. [26], i.e., there is no stable-running period. When one test started, the curve quickly climbed and then entered a relatively stable stage, similar to the loading curve in Figure 1, whether or not it was textured or smooth. When comparing the curves in Figure 3a–f, it is easy to find that the COF curves of some textured groups (e.g., OS1/2, OS3/4, BS and FP) are evidently lower than that of the smooth reference.



The average COFs and wear losses of the nine patterns are shown in Figure 4. The error bars are a little large, which reflect the fluctuation of the effect of different distribution patterns on the wear resistance and friction-reduction performance of rolling element bearings under dry condition. Considering that the wear tests of each pattern were repeated three times with three bearings (curves with significant differences were removed and supplementary tests were conducted), the mean value sin Figure 4 are statistically significant and comparative. Note that the average COF of each pattern is the sum of the values of each COF curve at each sampling point in Figure 3 divided by the total number of sampling points. As shown in the Figure 4a, the average COFs of pit textured groups are almost all lower than that of the smooth one, except for OS1/4, thus indicating the obvious friction-reducing effects of texture patterns. Specifically, the average COF of OS3/4 is the lowest. The average COFs of OS1/2, BS and FP are almost the same and significantly lower than that of the smooth group. The average COFs of inside groups (IS1/4, IS 1/2 and IS3/4) are close to each other and higher than those of OS1/2, BS and FP.



The mass losses of the shaft washers of the nine patterns are compared in Figure 4b. The loss of the smooth group is also added as a reference. Note that the mass loss of each group is the average of nine measurements of three tests of three bearings. Apparently, the wear losses of most pit textured groups are significantly lower than that of the smooth reference, except for IS1/2, IS3/4 and BS. Specifically, the mass loss of OS1/4, 2.17 mg, is the lowest among all of the patterns. Compared with the loss of SS (5.74 mg), its anti-wear performance improves by 62.20%. The wear losses of OS3/4 and IS1/4 are close and equal to 3.51 mg and 3.61 mg, respectively. The mass losses of OS1/2 and FP are also very close (4.26 mg and 4.13 mg), but higher than those of OS3/4 and IS1/4. The losses of BS and IS3/4 are 7.42 mg and 7.21 mg, which are quite higher than that of the smooth reference, respectively. By comprehensively comparing the COF curves, average COFs, and wear losses of all groups, OS3/4 can provide the best friction-reducing performance and wear resistance, which can be improved by 37.68% and 38.85%, respectively. In contrast, the friction-reducing and anti-wear properties of FP are only improved by 19.37% and 28.05%, compared with the data of the smooth group respectively. The friction-reducing and anti-wear behavior of OS1/2 is similar to that of FP and is better than that of SS by 21.72% and 25.78%.




3.2. Worn Surfaces


The unclean worn surfaces of the shaft washers of the nine groups are shown in Figure 5. Obviously, there is an apparent film left on the raceway in each group, especially in IS1/2, IS3/4, FP and SS. The material of the residual film has been checked and identified using the Fourier transform infrared spectroscopy (FTIR, IS10, Thermo Fisher Scientific, Waltham, MA, USA) in Ref. [26]. The obvious infrared characteristic spectrum of nylon was observed. Under the centrifugal force of the high-speed rotation of the shaft washer, there is almost no nylon powder left in the pits inside the raceway (see Figure 5g–h) [34]. The nylon film is mainly concentrated on the outside of raceway. There is also an apparent nylon powder stacked in the outside-distributed pits and some are even completely covered by nylon film or powder, especially in Figure 5b,c,g.



The clean worn surfaces of the shaft washers are shown in Figure 6. Apparently, there are high-temperature marks existing on their raceways, both textured and smooth. The ablation phenomena of IS1/4 and BS are particularly serious. Based on the worn surfaces, the wear pattern of cylindrical roller thrust bearings in this work is mainly abrasive wear combined with fatigue pitting.





4. Discussions


4.1. Effect of the Distributions of Pits on the Tribological Behaviorof Rolling Element Bearings


When the pits are distributed on the outsides of raceways, as shown in Figure 3a, the COF curves of OS1/2 and OS3/4 are obviously lower than that of the smooth group. The curve of OS1/4 is mixed with that of SS and is hard to distinguish. When the pits are on the insides of the shaft washers (see Figure 3b), the three COF curves of IS1/4, IS1/2 and IS3/4 are mixed with that of the smooth reference, which is a little higher. It is difficult to distinguish the difference between them.



Similarly, as shown in Figure 3d, when the widths of the patterns are only 1/4 of the raceway, the curves of IS1/4 and OS1/4 are mixed at the beginning and gradually separate from the 9000th s. In the latter half of the wear tests, the curve of OS1/4 is the highest, and that of IS1/4 is the lowest. When the widths of the patterns are 1/2 of the raceway, the curves of OS1/2 and IS1/2 are easily distinguished at first but become mixed in the latter period (see Figure 3e). The curve of OS1/2 is completely below that of the smooth reference. When the widths of the patterns are 3/4 of the raceway, the curve of OS3/4 is significantly lower than that of the smooth group during the whole test (see Figure 3f). The curve of IS3/4 is mixed with that of SS but gradually lowers from the 12,000th s. The 3D worn surfaces (with 8000% enlargement in height direction) and section profiles of the shaft washers of BS, FP, OS1/2, OS3/4, IS1/4 and SS are shown in Figure 7. Obviously, the depth of the furrows of OS3/4 and IS1/4 are apparently shallower than those of the other groups.



In regard to the full textured pattern(FP) and BS, their COF curves mix together and are difficult to distinguish (see Figure 3c). Furthermore, as shown in the figure, their curves are obviously lower than that of the smooth group. This is consistent with their average COFs in Figure 4a.



The mass loss of OS1/4 is the lowest among all of the groups. Compared with the data of the smooth reference, its anti-wear performance is improved by 62.20% (see Figure 4b). When the pits are distributed on the outsides of raceways, the anti-wear properties of three patterns (OS1/4, OS1/2 and OS3/4) are significantly improved. When the pits are on the insides of raceways, the mass loss of IS1/4 is apparently reduced. The wear behavior of IS1/2 is slightly worse than that of the smooth reference. The wear resistance of IS3/4 is the worst among all of the groups. The width of distribution has a great influence on the wear resistance of bearings. For the three outside-distributed groups, i.e., OS1/4, OS1/2 and OS3/4, their anti-wear properties deteriorate at first and then improve with the increase in width.



In this work, the friction-reducing effect and wear resistance of full textured pattern(FP) is not the best under a self-lubricating condition. Compared with the data of the smooth reference, the friction-reducing and anti-wear properties of FP are improved by 19.37% and 28.05%, respectively. OS3/4 can provide the best comprehensive friction-reducing and anti-wear properties, which can be enhanced by 37.68% and 38.85%, respectively.




4.2. Influence Mechanism of the Distributions of Pits on the Tribological Behavior of Rolling Element Bearings with Self-Lubricating Nylon Cages under Dry Condition


The influence of the distributions of the pits on the friction and wear properties of rolling element bearings with self-lubricating nylon cages under dry condition can be listed as follows: (1) when one rolling bearing is tested without any lubricant, for the direct contact between the rollers and the pockets of nylon cage, there is a large amount of nylon powder generated. Owing to the centrifugal force during the high-speed rotation of the shaft washer, the nylon powder will move along the radius direction, from the inside to the outside [34]. This will significantly increase the rolling resistance of the “washers-cage-rollers” system and cause the rapid rising of the temperature of the bearing [2,25,26,27,28,29]. Under the combined action of the fast-rising system temperature, local contact flash-temperature, and centrifugal force, a nylon film gradually forms near the outside of the raceway of the shaft washers (see Figure 5), both textured and smooth. This is the reason why the bearings with nylon cages can run for a long time without any lubricant, but those with copper cages cannot. Due to the relatively higher COF between a nylon–steel tribo-pair than that between a steel–steel pair, as well as the mechanical properties of nylon, the COF curve of bearing will increase quickly, but its wear loss may be reduced (see Figure 3). (2) Pits can effectively collect and hold debris, whether it is metal abrasive particles or nylon powder. Compared with the smooth bearings, the amount of debris left on the raceway can be significantly reduced, which is why the COF curves of most pit textured bearings are obviously lower than that of the smooth reference. In the meantime, pits can effectively reduce the contact stresses of the bearing, especially those points between the two ends of the rollers and raceway. This is another reason for the lower average COFs of most textured groups. Although the pits on the inner side can store nylon powder and metal debris, it is not conducive to their radial movement, especially for IS3/4, which is the reason for its higher mass loss compared to those of the other groups. This is also the reason for the excellent friction and wear properties of outside groups (OS1/4, OS1/2 and OS3/4). As shown in Figure 4, the tribological performance of full textured bearings can be considered as the synthesis and balance of the OS1/4 and IS3/4 groups. (3) In this work, when the dimensions of pits are fixed, the higher the area ratio is, the larger the effective volume is. As a result, the debris storage capacity will be significantly enhanced. Meanwhile, the larger area ratio also means a reduced effective contact area. The frictional resistance of the “washers-cage-rollers” system will increase and the stress concentration along the edges of pits will become serious. This will further cause the apparent peeling off of material and obvious “edge crushing” phenomena of pits. The metal debris generated may drop into the cavity of the tribo-pair or melt into the nylon film and remain in the “washers-cage-rollers” system. What is left in the system will deteriorate the friction and wear performance of bearings, especially during its radial movement, and should be held responsible for the high wear losses of IS1/2, IS3/4 and BS [2,25]. (4) Compared with the partial textured groups, the full textured pattern has the largest capacity to collect and store debris, but it also seriously hinders the radial movement of wear debris, which is why the tribological behavior of OS1/4, OS1/2 and OS3/4 are superior to that of FP. The local un-textured region can change the radial moving mode of the debris, whether from the textured region to the smooth one or from the smooth area to the textured area, thus significantly affecting the debris removal efficiency of the raceway. This is another reason for the high mass losses of IS1/2, IS3/4 and BS. (5) Because of the narrow width of the pattern and less amount of wear debris needing to be transferred, the effect of the inside pits on the radial movement of wear debris is quite small. As a result, compared with the smooth group, the wear resistance of IS1/4 is significantly improved and its friction-reducing performance is also improved, due to the collection and storage capacity of pits. On the contrary, the outside pits of OS1/4 can suddenly and strongly interrupt the radial movement of wear debris. As a result, its nylon film left becomes thicker or even stacked locally (see Figure 5a) and its friction-reducing effect even worsens slightly for the high COF between nylon and steel. However, due to the protection of nylon film, its anti-wear performance is greatly improved instead. (6) The real tribological properties of pit textured cylindrical roller thrust bearings (both partially and entirely) with self-lubricating nylon cages under dry condition cannot be predicted at all and mainly depend on the combination of these factors: the area ratio of textured raceway, dimensions of pits, surface contact stresses, “edge crushing” phenomenon, loads (i.e., axial force, rotating speed), nylon film, shape of cage pockets and so on [33].





5. Conclusions


Through the comprehensive analysis of the obtained experimental and characterization data, the following conclusions could be drawn:




	(1)

	
Nylon cages can ensure the continuous operation (≥5 h) of cylindrical roller thrust bearings under an axial load of 2600 N and a low rotating speed of 250 RPM, without any lubricant. The influence of outside-distributed groups (OS1/4, OS1/2 and OS3/4) on the friction and wear properties of bearings with self-lubricating nylon cages is significant under dry condition and that of inside-distributed groups is relatively small.




	(2)

	
The friction-reducing effect and wear resistance of the full textured group (FP) is not the best, but it can still provide an acceptably comprehensive performance; compared with the smooth group, its average COF decreases by 19.37% and its wear loss decreases by 28.05%.




	(3)

	
For those local-distributed patterns, IS1/4, OS1/2 and OS3/4 can provide positive wear resistance and friction-reducing performance. BS can provide well friction-reducing performance similar to that of FP, but its anti-wear behavior is quite poor. The result of OS1/4 is the opposite of BS. In this work, OS3/4 can provide the best comprehensive friction-reducing and anti-wear properties. Compared with the data of the smooth reference, its average COF and wear loss can be reduced by 37.68% and 38.85%, respectively.
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Figure 1. Sketch of pit parameters, characteristics of pits and the applied force-time curve. (a) Sketch of pit parameters; (b) 3D image of pit unit; (c) profile of pits; (d) force-time curve applied during wear test. 
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Figure 2. Photo of MMW-1A tribo-tester and sketch of the customized tribo-pair for 81107 bearings. (a) MMW-1A tribo-tester; (b) tribo-pair for 81107 bearings. 
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Figure 3. COF curves of cylindrical roller thrust bearings with self-lubricating nylon cages under dry condition. (a) Outside patterns (OS1/4, OS1/2 and OS3/4); (b) inside patterns (IS1/4, IS1/2 and IS3/4); (c) BS and FP; (d) OS1/4 and IS1/4; (e) OS1/2 and IS1/2; (f) OS3/4 and IS3/4. 
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Figure 4. Average COFs and mass losses of cylindrical roller thrust bearings with self-lubricating nylon cages under dry condition. (a) Average COFs; (b) wear losses. 
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Figure 5. Unclean worn surfaces of the shaft washers of cylindrical roller thrust bearings with self-lubricating nylon cages under dry condition. (a) OS1/4; (b) OS1/2; (c) OS3/4; (d) IS1/4; (e) IS1/2; (f) IS3/4; (g) BS; (h) FP; (i) SS. 
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Figure 6. Clean worn surfaces of the shaft washers of nine groups. (a) OS1/4; (b) OS1/2; (c) OS3/4; (d) IS1/4; (e) IS1/2; (f) IS3/4; (g) BS; (h) FP; (i) SS. 






Figure 6. Clean worn surfaces of the shaft washers of nine groups. (a) OS1/4; (b) OS1/2; (c) OS3/4; (d) IS1/4; (e) IS1/2; (f) IS3/4; (g) BS; (h) FP; (i) SS.



[image: Lubricants 11 00154 g006]







[image: Lubricants 11 00154 g007a 550][image: Lubricants 11 00154 g007b 550] 





Figure 7. 3D worn surfaces (8000% enlargement in height direction) and section profiles of the shaft washers. (a) BS; (b) FP; (c) OS1/2; (d) OS3/4; (e) IS1/4; (f) SS. 
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Table 1. Groups of 81107 bearings with different distribution patterns.
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	Sample No.
	Pattern
	Area Density

(%)





	S1/4
	[image: Lubricants 11 00154 i001]
	2.19



	OS1/2
	[image: Lubricants 11 00154 i002]
	4.38



	OS3/4
	[image: Lubricants 11 00154 i003]
	6.57



	IS1/4
	[image: Lubricants 11 00154 i004]
	2.19



	IS1/2
	[image: Lubricants 11 00154 i005]
	4.38



	IS3/4
	[image: Lubricants 11 00154 i006]
	6.57



	BS
	[image: Lubricants 11 00154 i007]
	5.80



	FP
	[image: Lubricants 11 00154 i008]
	9.49



	SS
	[image: Lubricants 11 00154 i009]
	—
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