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Abstract

:

In order to improve the accuracy and batch consistency of cylindrical roller machining, in this paper, a both-sides cylindrical roller machining method based on hard ceramic plate is proposed. Traditional cast iron and stainless-steel polishing plate were replaced by ceramic materials with high hardness and good wear resistance. After processing by centerless grinding, the cylindrical roller is processed by both-sides lapping and polishing using Al2O3 ceramic plates. The roundness, diameter and surface quality of the roller and the wear of the ceramic plate before and after machining were compared and analyzed in order to evaluate the feasibility and effectiveness of this method. After grinding for 1 h and polishing for 8 h, the average roundness of the cylindrical rollers decreased from the initial 2.3 μm to 0.32 μm, while the roundness of each roller tended to be the same. At the same time, the batch diameter deviation of cylindrical rollers was reduced from 3 μm to 1 μm, and the batch consistency was satisfactory. The machining marks produced by centerless grinding on the roller surface were completely removed, and the surface quality was significantly improved. The surface roughness after polishing reached Ra 16 nm. The upper and lower ceramic plate had certain wear, but the amount was small, having little impact on the machining results. The shape accuracy and batch consistency of the rollers after machining were satisfactory. The ceramic plate had high hardness, good wear resistance and small wear in the machining process. Additionally, it could maintain extremely high flatness for a long time. Using hard ceramic plates to process cylindrical rollers, high precision and high consistency cylindrical rollers can be obtained after machining.
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1. Introduction


Bearings are important precision components in the high-end equipment manufacturing industry, and are known as the “heart” of equipment manufacturing. The performance of bearings plays a vital role in the performance, life and reliability of equipment and related products [1,2,3,4]. As a key part of precision bearing, the machining accuracy and consistency of the rolling body will directly affect the performance and service life of bearings [5]. Cylindrical roller bearings are suitable for high speed and heavy load equipment—e.g., high-speed trains, wind turbines, machine tool spindles, etc.—because the rolling body and raceway are in contact with each other [6,7,8].



At present, centerless grinding and centerless superfinishing are the most important finishing methods for the mass production of cylindrical rollers [9]. Centerless grinding has the advantages of high production efficiency and easy automation. However, machining accuracy depends heavily on the relative position and speed error of the grinding wheel, guide wheel and workpiece. When the grinding wheel and other parts undergo wear, it is difficult to ensure the machining quality and accuracy, and batch consistency is poor [10,11]. Centerless superfinishing is sometimes performed after centerless grinding; it also has high production efficiency. Under the action of oilstone, cylindrical rollers can obtain better surface quality and shape accuracy. However, the oilstone is consumed quickly, the selection is cumbersome in machining and the front and rear guide rollers need to be trimmed to maintain high accuracy requirements. In summary, parts that wear easily affect machining accuracy and consistency [12,13].



Flat/both-sides polishing technology has been widely used in the ultra-precision machining of various materials. After machining, excellent shape accuracy and surface quality of a workpiece can be achieved [14,15,16,17,18,19]. For example, with silicon wafer, sapphire, quartz glass and other flat substrates, the machined flatness can be less than 0.2 μm and the surface roughness less than 1 nm [20,21]. In view of the aforementioned problems, combined with the characteristics of flat machining, some scholars have applied both-sides lapping and polishing technology to the precision machining of cylindrical rollers. By establishing a cylindrical surface machining system and analyzing the geometric kinematic model of the workpiece, it was found that the wear track of the polishing plate uniformly envelopes the cylindrical surface. Additionally, nano level removal of the material was realized in the form of multi-edge and multi-directional cutting with ultra-fine abrasive particles, thereby ensuring high shape accuracy, high surface quality and high batch consistency. After machining, the average roundness of a batch of cylindrical rollers reached 0.36 μm, the deviation reached 0.13 μm and the minimum roundness of a single workpiece was 0.295 μm [22,23,24,25,26].




2. Machining Principle


2.1. Characteristics of Ceramic Plate


In this study, the polishing plates for both-sides cylindrical roller machining based on a hard ceramic plate, traditionally made of cast iron, stainless steel or bearing steel, were replaced by various ceramic materials (alumina, zirconia, silicon carbide and other materials). Ceramic materials have the characteristics of high hardness and good wear resistance [27,28]. Alumina (Al2O3), for example, has a Rockwell hardness of HRA80-90, which is second only to diamond and 10 times that of ball-milled cast iron [29]. The polishing plate has high hardness, which can ensure that the plate surface will not be deformed during machining. The cylindrical roller contour after machining reproduces the surface shape of the polishing plate, ensuring excellent roundness. The wear resistance of Al2O3 is 266 times that of manganese steel and 171 times that of high chromium cast iron [30]. With good wear resistance, the plate surface can maintain excellent flatness for a long time, thus ensuring that the cylindrical roller has high accuracy and consistency.



The surface of the ceramic plate that has not been polished into a mirror surface is covered with micro convex peaks. These hard peaks can be regarded as tiny blades which can replace abrasive particles to remove material from the cylindrical roller.




2.2. Both-Sides Machining Method


The proposed both-sides machining device is shown in Figure 1. Figure 1a is structure diagram of machining device, which is mainly composed of upper and lower ceramic plates, a retainer and a squeeze head. The cylindrical rollers are placed in the retainer between the upper and lower ceramic plates. The lower ceramic plate is rotated by the motor, and the retainer is coaxial with the upper ceramic plate. The upper ceramic plate rotates with the friction force of the cylindrical roller, and the cylindrical roller performs a sliding and rolling motion during machining. The load is transmitted to the whole machining system by the squeeze head; the eccentric distance between the upper and lower plates can be changed by adjusting the position of the squeeze head. During machining, the ceramic plates must have an excellent flatness (i.e., less than 0.3 μm) to ensure that the machined cylindrical rollers have satisfactory roundness and consistency.



Figure 1b shows a schematic diagram of the both-sides machining principle, which can be divided into three stages. In the initial stage, the batch consistency is poor, with only cylindrical rollers with large diameter or high points coming into contact with the upper and lower plates, resulting in material removal. In the second stage, the cylindrical rollers with larger diameters or high points are gradually removed, the diameters of the rollers between the upper and lower ceramic plates tend to be the same, and all cylindrical rollers are in contact with the upper and lower ceramic plates. In the third stage, when the diameters of all cylindrical rollers are the same, the ceramic plates remove a small amount of material from the surface of the rollers, yielding a product with high precision and high consistency.





3. Experiment


3.1. Experimental Device


The machining equipment used in the experiment was a self-developed both-sides lapping and polishing machine, as shown in Figure 2. Al2O3 ceramics were used as the upper and lower polishing plates, and cylindrical rollers were placed between the upper and lower ceramic plates. Figure 3a,b show the initial surface shape of the upper and lower ceramic plates, respectively. The diameter of the upper ceramic plate was 180 mm and the flatness PV was 0.235 μm, while the diameter of the lower ceramic plate was 240 mm and the flatness PV was 0.261 μm. The surface roughness of the ceramic plate should not be too large or too small; if it is too large, the flatness of the plate does not meet the requirements, and if it is too small, the surface of the plate is too smooth, reducing the friction and exerting a cutting effect on the roller and reducing the material removal rate. When the surface roughness was between Ra 20–50 nm, the surface of the ceramic plate was relatively smooth but was nonetheless covered with micro convex peaks. When the cylindrical rollers roll and slide on the surface of these micro convex peaks, the micro convex peaks can be regarded as hard, micro blades which remove the material from the roller surface.




3.2. Experimental Scheme


To verify the feasibility and effectiveness of the proposed machining method, a bearing steel cylindrical roller (ф6.5 × 10 mm), finished by centerless grinding, was taken as the experimental machining object. The roundness was measured using a Taylor Hopson 565 roundness meter, the surface roughness was measured with a Mitutoyo SJ410 roughness meter and the diameter was measured with a micrometer. Twenty-seven cylindrical rollers from the same batch were randomly selected for measurement. Three different roller surfaces were measured and the average value was taken as the surface roughness. The roundness and diameter were measured at both ends and the middle of each roller, and the average value were taken as the roundness and diameter. The initial average surface roughness was about Ra 50 nm and the initial average roundness was 2.3 μm. The roundness of the 27 cylindrical rollers varied greatly; values of 4–5 μm were considered poor, while 0.3 μm indicated good roundness. Combinations of these values indicated that the roundness consistency of the same batch machining by centerless grinding was poor; the data are shown in Figure 4. Figure 5 shows the diameter measurements of 27 cylindrical rollers; the measured diameter range was 6.497–6.5 mm, and the deviation of diameter reached 3 μm. The consistency was also poor.



In the machining process, the eccentricity of the axis of the upper and lower ceramic plates was set to 3 cm, the rotation speed of the lower ceramic plate was set to 60 rpm and the machining load was the weight of the upper ceramic plate. Since the initial roundness and diameter of the cylindrical roller varied greatly, in order to make the roundness and diameter of the cylindrical roller converge quickly, diamond was first used as an abrasive for 1 h. Then, the ceramic plates were cleaned and polished. The purpose of lapping was to quickly trim the shape and dimensional accuracy of the cylindrical rollers, while the purpose of polishing was to improve the shape accuracy and surface quality. The cylindrical rollers were reversed every 30 min. The experimental conditions are shown in Table 1.





4. Results and Discussion


4.1. Shape and Dimensional Accuracy


Figure 6 shows the variation of the average roundness of the cylindrical roller with machining time, while Figure 7 shows the variation of the roundness of each cylindrical roller. After lapping for 1 h, the high points on the cylindrical roller surface were gradually removed, and the average roundness was reduced to 1.45 μm. After polishing with pure water for 0.5 h and 4 h, the average roundness was reduced to 1.05 μm and 0.39 μm, respectively. In the latter case, the roundness of the cylindrical rollers tended to be almost the same. Therefore, the material removal rate of polishing became small and the convergence speed of roundness was reduced. After polishing for 8 h, the average roundness only decreased to 0.32 μm. It can be seen from the figure that after machining, the initial irregularities in terms of the roundness of the cylindrical roller gradually diminished in scale. The machining accuracy was greatly improved and the consistency was excellent. The diameter of the machined cylindrical roller was found to be 6.486–6.487 mm, and the diameter deviation was reduced to 1 μm. The consistency was also greatly improved. Roundness measurements are shown in Figure 8.




4.2. Surface Quality


Figure 9 comprises micrographs of a cylindrical roller surface before and after machining. The comparison shows that the surface quality before machining was poor, e.g., longitudinal machining marks generated by centerless grinding are very obvious. In the polishing process, the material on the roller surface was removed by the multi-directional micro blades on the surface of the ceramic plate. As a result, the machining marks were completely removed, and only some pits generated by the materials forming of the roller were left on the surface. As such, the surface quality was significantly improved, with the surface roughness after polishing reaching Ra 16 nm; see Figure 10.




4.3. Wear of Ceramic Plate


Figure 11 shows the surface morphology and flatness of the upper ceramic plate. After machining for 9 h, a ring band groove was ground, changing the flatness PV from 0.235 μm to 0.257 μm. According to our measurement of the annular groove, as shown in Figure 11b, the wear depth was about 0.086 μm and the width was about 12 mm. The wear width was slightly larger than the length of the roller. This was attributed to the gap between the retainer and the rollers. The two ends of the roller had small arc chamfers. It was found that the morphology of the grooves produced by wear on the ceramic plate was deep in the middle and shallow at both ends, coinciding with the generatrix of the roller. Figure 12 shows the surface morphology and flatness of the lower ceramic plate. A ring band pit was formed, and the flatness PV ranged from 0.261 μm to 0.804 μm. By measuring the pits, it was found that, as shown in Figure 12b, the pit (wear) depth was about 0.434 μm, which was significantly larger than that of the upper ceramic plate. This was because the cylindrical roller experienced both rolling and sliding friction with the lower ceramic plate, but only rolling friction with the upper plate. The pit width was about 45 mm, due to the 30-mm eccentricity between the upper and lower ceramic plates. The amount of wear on the upper and lower plates was largely negligible. By analyzing the morphology of the wear area, it could be seen that the wear surface was very smooth, i.e., flatness was maintained. The height difference between the highest and lowest points of the wear area on the lower ceramic plate was only about 0.1 μm, and as such, this had little impact on the machining results. It was therefore concluded that excellent shape accuracy and batch consistency could be obtained, even when the cylindrical roller came into contact with wear areas.





5. Conclusions


A both-sides cylindrical roller machining method using a hard ceramic plate was developed and experiments were carried out. The experimental results showed that the batch average roundness and diameter of cylindrical rollers reached 0.32 um and 1 μm, respectively. As such, the machining accuracy and consistency were greatly improved. Meanwhile, the machining marks generated by centerless grinding were removed, the surface quality of the cylindrical roller was improved, and the surface roughness after polishing reached Ra 16 nm. On the other hand, the ceramic plate showed good wear resistance, and it is expected that it would maintain excellent flatness for a long time. Therefore, consistently high quality cylindrical rollers could be obtained by the proposed both-sides machining technique.







Author Contributions


Conceptualization, T.Z. and K.F.; methodology, J.Y.; validation, B.L., X.H. and X.L.; investigation and data curation, J.D.; writing—original draft preparation, and writing—review and editing, T.Z.; supervision, X.L.; project administration, J.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Zhejiang Provincial Natural Science Foundation (LQ20E050004, LZY22E050007, LZY21E050004), the National Nature Science Foundation of China (51935008, 51975531, 51905280) and Quzhou Science and Technology Planning Project (2021K44).




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, Z.K.; Lei, J.Z.; Xu, H.F.; Yu, F.; Dong, H.; Cao, W.Q. Current status and development trend of bearing steel in China and abroad. J. Iron Steel Res. 2016, 28, 1–12. [Google Scholar]

	



Ye, Z.J.; Zhang, Q.; Shao, S.Y.; Yang, X.Y.; Niu, T.L.; Zhao, Y.W.; Jiao, X.X. Extraction of Rolling Bearing Health Index Based on MSCAE and Its Application. J. Ordnance Equip. Eng. 2022, 43, 239–247. [Google Scholar]

	



Wei, Z.F.; Li, L.; She, D.S.; Xu, W.J. Effect of Electrochemical Mechanical Machining on Surface Quality and Convexity of Bearing Rollers. Surf. Tech. 2018, 47, 119–124. [Google Scholar]

	



Zhang, Z.F. Rolling Bearing Fault Diagnosis Based on Case-Based Reasoning. Master’s Thesis, Central South University, Changsha, China, 2008. [Google Scholar]

	



Xu, W.P. The Evolution of Contour Form on the Rotary Surface by Centerless Grinding and Electrochemical Superfine Composite Machining. Master’s Thesis, Dalian Polytechnic University, Dalian, China, 2018. [Google Scholar]

	



Dou, S.; Liu, Z.M.; Li, Q.; Ren, Z.S.; Yang, G.X. Acquisition method of dynamic load of high-speed train gearbox bearing based on bench simulation model. J. Traffic Transp. Eng. 2022, 22, 219–232. [Google Scholar]

	



Li, Y.F.; Gao, Y.N.; Jia, L. Analysis for fatigue life of wind turbine main bearing with surface hardened raceways. Acta Energ. Sol. Sin. 2022, 43, 176–182. [Google Scholar]

	



Yang, L.F.; Ye, J. Machine tool spindle bearing technology in high speed machining. Bearing 2012, 1, 54–59. [Google Scholar]

	



Yao, W.F.; Yuan, J.L.; Zhong, M.P.; Wang, C.W.; Zhou, F.F. Review on Precision Machining Technology for Outer Diameters of Cylindrical Rollers. China Mech. Eng. 2019, 30, 1195–1206. [Google Scholar]

	



Cui, Q.; Ding, H.; Cheng, K. Analytical Investigation on Roundness Assurance and Rounding Process in High Precision Centreless Grinding. Mach. Tool Hydraul. 2014, 42, 46–49, 53. [Google Scholar]

	



Li, G. Effect of guide pulley configuration during centreless grinding of cylindrica workpiece. Diamond Abrasives Eng. 2006, 4, 48–49+54. [Google Scholar]

	



Zhang, J.K.; Ni, G.; Wang, R.Y.; Huang, G.Z.; Chen, C.G.; Lu, Z.G.; Wei, Z.H. The Design principle of cylindrical and Tapered Guide Roller Pair for Centerless Superfinisher. Bearing 2001, 6, 12–15, 45. [Google Scholar]

	



Jia, S.Y.; Ma, Y.F.; Shi, K.K.; Shi, J.T.; Gao, P.F. Analysis on Sliding of Rollers During Centerless Through-Feed Superfinishing of Tapered Rollers. Bearing 2017, 9, 13–17. [Google Scholar]

	



Li, M.; Karpuschewski, B.; Ohmori, H.; Riemer, O.; Wang, Y.; Dong, T. Adaptive shearing-gradient thickening polishing (AS-GTP) and subsurface damage inhibition. Int. J. Mach. Tool Manuf. 2021, 160, 103651. [Google Scholar] [CrossRef]

	



Li, M.; Xie, J.C. Green-chemical-jump-thickening polishing for silicon carbide. Ceram. Int. 2022, 48, 1107–1124. [Google Scholar] [CrossRef]

	



Zhao, T.C.; Deng, Q.F.; Zhang, C.; Feng, K.P.; Zhou, Z.Z.; Yuan, J.L. Orthogonal Experimental Research on Dielectrophoresis Polishing (DEPP) of Silicon Wafer. Micromachines 2020, 11, 544. [Google Scholar] [CrossRef]

	



Li, M.; Karpuschewski, B.; Ohmori, H.; Riemer, O. Controllable polishing process for machining of barium borate. CIRP J. Manuf. Sci. Tec. 2022, 37, 291–301. [Google Scholar] [CrossRef]

	



Zhao, T.C.; Deng, Q.F.; Yuan, J.L.; Lyu, B.H.; Lin, Y.B. An experimental investigation of flat polishing with dielectrophoretic (DEP) effect of slurry. Int. J. Adv. Manuf. Technol. 2016, 84, 1737–1746. [Google Scholar] [CrossRef]

	



Huang, S.Q.; Gao, S.; Huang, C.Z.; Huang, H. Nanoscale removal mechanisms in abrasive machining of brittle solids. Diam. Abras. Eng. 2022, 42, 257–267. [Google Scholar]

	



Zhao, Q.; Xie, S.; Wang, H.; Yang, L.; Mei, X.; He, Y. Control of the Micro-Defects on the Surface of Silicon Wafer in Chemical Mechanical Polishing. ECS J. Solid State Sc. 2022, 11, 023009. [Google Scholar] [CrossRef]

	



Zhao, T.C.; Yuan, J.L.; Deng, Q.F.; Feng, K.P.; Zhou, Z.Z.; Wang, X. Contrast Experiments in Dielectrophoresis Polishing (DEPP)/ChemicalMechanical Polishing (CMP) of Sapphire Substrate. Appl. Sci. 2019, 9, 3704. [Google Scholar] [CrossRef]

	



Yuan, J.L.; Yao, W.F.; Zhao, P.; Lyu, B.H.; Chen, Z.X.; Zhong, M.P. Kinematics and Trajectory of Both-sides Cylindrical Lapping Process in Planetary Motion Type. Int. J. Mach. Tool Manuf. 2015, 92, 60–71. [Google Scholar] [CrossRef]

	



Cheng, Z.D.; Yao, W.F.; Zheng, B.; Chen, Z.X.; Yuan, J.L. Effect of Motion Types on Cylindrical Surface Topography. Surf. Tech. 2015, 44, 117–123+131. [Google Scholar]

	



Jiang, L.; Yao, W.F.; He, Y.Y.; Cheng, Z.D.; Yuan, J.L.; Luo, J.B. An Experimental Investigation of Double-side Processing of Cylindrical Rollers Using Chemical Mechanical Polishing Technique. Int. J. Adv. Manuf. Techol. 2016, 82, 523–534. [Google Scholar] [CrossRef]

	



Yao, W.F.; Yuan, J.L.; Zhou, F.F.; Chen, Z.X.; Zhao, T.C.; Zhong, M.P. Trajectory analysis and experiments of both-sides cylindrical lapping in eccentric rotation. Int. J. Adv. Manuf. Techol. 2017, 88, 2849–2859. [Google Scholar] [CrossRef]

	



Yao, W.F.; Yuan, J.L.; Jiang, L.; Feng, K.P.; Chen, F. Study on Both-side Cylindrical Ultra-precision Lapping and Polishing Processes in Eccentric Rotations. China Mech. Eng. 2018, 29, 2327–2334. [Google Scholar]

	



Feng, K.P.; Lyu, B.H.; Zhu, G.Q.; Zhao, T.C.; Zhou, Z.Z. Study on Precision Grinding of Si C Ceramic by PVA/PF Composite Sol-Gel Grinding Abrasive Tool. Surf. Tech. 2022, 51, 347–357. [Google Scholar]

	



Ding, Z.Y.; Lei, H. Chemical Mechanical Polishing Performance of Non-Spherical Abrasives on Zirconia Ceramics. Surf. Tech. 2022, 51, 306–312+330. [Google Scholar]

	



Li, Y. Microwave Sinter High Purity Alumina Ceramics and Toughening Improvement Research. Master’s Thesis, Wuhan Institute of Technology, Wuhan, China, 2011. [Google Scholar]

	



Luo, X. Study of Alumina Ceramic Micro-Structure Pre-Sintered Manufacturing Process. Master’s Thesis, Dalian University of Technology, Dalian, China, 2014. [Google Scholar]








[image: Lubricants 10 00227 g001 550] 





Figure 1. Both-sides cylindrical roller machining method based on hard ceramic plate: (a) Structure diagram of machining device; (b) Schematic diagram of machining principle. 
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Figure 2. Image of both-sides cylindrical roller machining setup. 
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Figure 3. Initial shape of ceramic plates: (a) Initial shape of upper ceramic plate; (b) Initial shape of lower ceramic plate. 
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Figure 4. Initial roundness of cylindrical roller. 
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Figure 5. Initial diameter of cylindrical roller. 
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Figure 6. Variation of average roundness with machining time. 
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Figure 7. Variation of roundness of each roller with machining time. 
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Figure 8. Cylindrical roller roundness measurements (0.18 μm). 
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Figure 9. Micrograph of workpiece surface before (a) and after (b) machining. 
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Figure 10. Surface roughness measurements. 
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Figure 11. Surface morphology and flatness of upper ceramic plate: (a) Morphology and flatness of the whole plate (wear condition); (b) Morphology and flatness of annular groove (wear condition). 
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Figure 12. Surface morphology and flatness of lower ceramic plate: (a) Morphology and flatness of the whole plate (wear condition); (b) Morphology and flatness of annular pit (wear condition). 
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Table 1. Experimental condition.
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	Parameter
	Parameter Data





	Workpiece material
	GCr15 Bearing Steel



	Workpiece size
	Φ6.5 mm × 10 mm



	Lapping abrasive
	W2.5 diamond (wt.10%)



	Polishing slurry
	Pure water



	Eccentricity
	3 cm



	Polishing plate speed
	60 rpm



	Machining load
	Weight of ceramic plate
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