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Bearings are widely used in the industry due to their ability to support the movement of rotating bodies. The spacer rings are a key component of double-row roller bearings; therefore, the characteristics and properties of the spacer rings have a significant impact on the bearing functions. However, the lack of the characteristics and performance analysis of the spacer ring limits the improvement of bearing performance. To analyze the characteristics of spacer rings and establish a basis for improving their performance, a new testing method for the characteristics and performance of the spacer ring was presented and corresponding experiments were developed. The test procedure entails the evaluation of basic characteristics, surface properties, and serviceability. Basic characteristics were determined through element testing and cross-section morphological observation; surface properties were assessed through surface morphology and surface roughness detection; and serviceability was identified by cross-section hardness and frictional wear tests. The results show that the proposed test method can comprehensively characterize the performance of the spacer rings. The spacer ring composition mainly contains Fe, Al, P, Si, Ca, and S, which contribute to excellent wear resistance, hardness, strength, and corrosion resistance. The cross-sectional morphology exhibits porous characteristics, which enhance lubricity. In terms of surface property, the surface of the spacer ring is relatively flat, and the surface roughness is generally less than 0.6 μm Sa. The average friction coefficient is 0.85, and the friction and wear properties of the spacer ring are good. This study contributes to establishing the testing and evaluation criteria for the performance of spacer rings in engineering, which helps to improve the performance of bearings.
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1 INTRODUCTION
Bearings are one of the most important parts of mechanical equipment. The primary function of the bearing is to support the rotating bodies, ensure rotational accuracy, and reduce running friction. As a basic component, bearings are widely used in machine tool spindles (Dong et al., 2017), wind turbines (Jin et al., 2021), automotives (Khaire, 2018), and other sectors (Cheng, 2022). High-precision bearings are usually the core components of the equipment, and the reliability of bearings has a significant impact on life. A related study shows that about 30% of mechanical failures are caused by bearing failures in rotating parts (Guan et al., 2018). With the development of high performance manufacturing concepts (Guo, 2018; Guo, 2022), research on bearing performance will advance rapidly.
Currently, there are many angles of the overall study of bearings. The main purpose is to improve the bearing performance. The material used to manufacture a bearing is the most important factor affecting the bearing performance. Much research has been done on the bearing materials. Yadav and Chawla (2021) summarized different bearing materials and different bearing performance detection methods. Yu et al. (2005) focused on the properties of high carbon chromium type stainless bearing steel, high temperature stainless bearing steel, nitrogen-bearing steel, and other stainless bearing materials, as well as the influence of different smelting processes on the materials. Similarly, Yan et al. (2020) studied the TiNi60 alloy and discussed the melting and processing, mechanical properties, and tribological properties of the bearing materials. Bearing material is just part of the factors that impact bearing performance, but the preparation of the material is the most basic influencing factor, which determines the wear resistance and motion accuracy of the bearing. Additionally, some studies focus on the effect of the material on the bearing properties. Based on a new water-lubricated polymer composites for bearing material, Liu et al. (2020) studied the lubrication performance of water-lubricated bearings in terms of material parameters and structural parameters. It is also important to characterize the bearing performance, the Kolmogorov-Smirnov test based on an autoregressive model was proposed to assess the performance degradation of rolling bearings. The result shows that the proposed test method can obviously detect incipient weak defects and can reflect the performance degradation process well (Cong et al., 2011). However, there is still a lack of evaluation systems for the performance of bearing spacer rings.
Much research has focused on the friction and wear performance of bearings. Sun et al. (2016) analyzed the materials of the bearing, and showed the abnormal wear of the inner rings and shaft was related to the thermal expansion coefficient mismatch of the materials. Guan et al. (2017) studied the wear law of bearings and steel shafts and predicted the wear situation by using the online monitoring data of bearing lubricating oil. The research of Yuan et al. (2018) indicated that low micro-hardness and low shear strength of surface material, rough surface, and poor lubrication are important factors contributing to the wear of spherical plain bearings. The above study provided the possible reasons for frictional wear, and suggested that good lubrication can avoid serious wear phenomenon. Wang et al. (2014) investigated the influences of frictional characteristics of textured surfaces on sliding bearings. This study presented that the designed texture with a relatively small size and density ratio has an obvious effect of lubrication and antifriction improvement compared with other specimens.
In addition to the above research, there are also many other studies on the bearing processing technology and analysis method. Yu and Wu, (2020) established fundamental theoretical methods for improving surface quality through theoretical analysis of abrasive flow polishing of bearings with the high operating performance and research on surface integrity manufacturing technology. Wang et al. (2018) proposed a standardized bearing manufacturing process to conduct three-dimensional modeling, simulation processing, stiffness, and vibration tests of bearings, so as to provide a reference for high-precision bearing manufacturing. Xu et al. (2010) demonstrated the effects of manufacturing tolerance on bearing stiffness and damping and proposed a set of theoretical analysis techniques to predict the stiffness and damping properties of the system.
The above mentioned researches are focused on the bearing as a whole, and there are few studies that focus on the spacer ring. Yi et al. (1983) analyzed the materials of the spacer ring in 1983, however, there was no complete systematic study on the characteristics and performance of the spacer ring. As an important component of bearings, the spacer ring has a significant impact on improving the bearing performance. This paper proposed a new testing method for the characteristics and performance of the spacer ring, the basic characteristics, surface properties, and serviceability of the spacer rings were comprehensively characterized for the first time. This research can help to improve the performance of spacer rings and further help to improve the bearing performance.
2 TESTING METHOD
To study the characteristics and performance of the spacer ring, a test method was proposed. The tests were conducted on three aspects: basic characteristics, surface properties, and service performance. Firstly, the element composition, content and the cross-section morphology were analyzed to evaluate the characteristics of the spacer ring. Secondly, the surface morphology and surface roughness were observed to evaluate the surface properties of the spacer. Finally, the hardness distribution, friction, and wear were used to evaluate the service performance of the spacer ring. The proposed testing method for the spacer ring characteristics and performance is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Testing method of the characteristics and performance for the spacer ring.
3 EXPERIMENTAL
Based on the testing method of the characteristics and performance for the spacer ring, the experimental procedure was divided into four parts, as shown in Figure 2. In the experiment, three spacer rings were used to test the characteristics and performance. Three spacer rings were defined in sample 1, sample 2, and sample 3, respectively. To analyze the elemental content, and observe the cross-sectional morphology, the spacer rings were cut into a sample of 6 mm in length by a wire cut electrical discharge machining. The samples were then embedded in a holder and the embedded sample was ground and polished using a grinding and polishing machine (Mopao3, China) to remove impurities caused by wire cutting and oxidation. To examine the elements, an X-ray Fluorescence Spectrometer (XRF, Japan) was employed. A microscope (VHX-600E, Japan) and a scanning electron microscope (QUANTA 450, United States) were used to observe the cross-sectional morphology of the polished samples. To observe the surface morphology and test the surface roughness, the spacer rings were first cut into 6 mm long samples, and a 3D optical profiler (Zygo 9000, United States) was used to detect their surface roughness and topography. To ensure the measurement results were as accurate as possible, three test points were selected to test the surface morphology and surface roughness. After grinding and polishing the sample, a micro hardness tester (HVS-1000, China) was used to test the hardness of the spacer ring, five evenly spaced points were selected from top to bottom of the sample to observe the variation of hardness with the position. The test force was 500 GF. Finally, friction-wear test was also carried out by reciprocating friction and wear tester (MZF-1, China) to evaluate the service performance of the spacer rings. Before testing, the spacer rings were cut into a sample 10 mm length. During the friction-wear test, the test force was set to 100 N, the test frequency to 1 Hz and the exposure time to 3,600 s. Figure 3 shows the test flow and experimental facilities.
[image: Figure 2]FIGURE 2 | Experimental procedure.
[image: Figure 3]FIGURE 3 | Test flow and experimental facilities.
4 RESULTS AND DISCUSSION
Basic characteristics, surface properties, and service performance tests were developed to understand spacer ring characteristics and performance. Basic characteristics testing was developed through elemental analysis and cross-sectional morphology. Surface property testing was characterized by surface morphology and surface roughness; the service performance testing was obtained by hardness and frictional wear performance.
4.1 Basic characteristics
4.1.1 Element content analysis
Different elemental and alloy contents have different effects on performance. This also reflects the performance requirements of the spacer ring in application. Testing revealed that the three samples have roughly the same amounts of the six primary types of elements—Fe, Al, P, Si, Ca, and S—in all three. The specific contents are shown in Table 1. In addition to the aforementioned components, sample 1 also contains 0.135% Ti and 0.119% V, sample 2 contains 0.074% Cr, and sample 3 contains 0.1042% V and 0.0694% Cr. Al element can improve the oxidation resistance and corrosion resistance of the alloy. P element can improve the hardness and strength of the materials. The addition of Si element can improve the elastic limit and tensile strength of the materials, and also increase the corrosion resistance. S element is not conducive to welding performance but can improve machinability. According to the main elements of the spacer ring and the main characteristics of each element, it can be seen that the spacer ring must meet certain hardness and strength requirements in the actual working process. In addition, corrosion resistance must also be ensured to extend the life of bearings.
TABLE 1 | Main elements and contents (wt%).
[image: Table 1]4.1.2 Cross-section morphology
The analysis of cross-section morphology can help to establish the relationship between microstructure and properties of the spacer ring. From the microstructure of cross-sectional morphology, the mechanical properties of metals can be understood, which provides a basis for the scientific evaluation of characteristics. To understand the internal structure of the spacer ring, the cross-section morphology of the processed samples was observed. The observed results of the cross-sectional morphology are shown in Figures 4A–F. In the cross-section morphology of the three samples, irregular and dense pores can be seen as indicated by the arrows in Figure 4B. However, since the spacer rings are made from powder metallurgy, the porosity inside the processed spacer ring cannot be eliminated. Moreover, it can be seen that the pores are filled with lubricating oil. The spacer ring made by powder metallurgy contains pores, which can be used as countless small tanks to store oil, timely supplement the lubricating oil on the friction surface, maintain a better lubrication effect (Wang et al., 2022), and improve the wear resistance of the spacer ring. These results are supported by the findings of Xie et al. (2023a), Xie et al. (2023b). The existence of the lubrication grooves of the bearings is beneficial for vibration attenuation, friction reduction, and wear reduction. The pores shown in Figure 4 play the same role in the actual work of the bearing spacer ring. Scanning electron microscopy was performed on sample 1 to get a clearer view of the cross-sectional morphology, as shown in Figure 5.
[image: Figure 4]FIGURE 4 | Cross-section microscopy of (A) sample 1–500 X, (B) sample 1–2000 X, (C) sample 2–500 X, (D) sample 2–2000 X, (E) sample 3–500 X, (F) sample 3–2000 X.
[image: Figure 5]FIGURE 5 | Results of sample 1 observed by scanning electron microscope, (A) 100 X, (B) 3000 X.
4.2 Surface properties
4.2.1 Surface morphology
The surface morphology can directly reflect the surface properties of the spacer rings. Furthermore, the surface morphology affects the wear resistance of the spacer rings. Figure 6 shows the surface morphology of various samples. To avoid coincidence, each sample was selected for testing at three points. As shown in Figure 6, most zone of the spacer rings were predominantly smooth, but many small pores appeared on the smooth surface. The surface pores are a typical feature of the spacer ring manufactured by powder metallurgy, the pores act as a reservoir of lubricant, thus improve the lubrication of the spacer ring.
[image: Figure 6]FIGURE 6 | Surface morphology of (A) Test point 1 of sample 1, (B) Test point 2 of sample 1, (C) Test point 3 of sample 1, (D) Test point 1 of sample 2, (E) Test point 2 of sample 2, (F) Test point 3 of sample 2, (G) Test point 1 of sample 3, (H) Test point 2 of sample 3, (I) Test point 3 of sample 3.
4.2.2 Surface roughness
Surface roughness is the basic unit constituting the geometric characteristics of the machined surface and is closely related to the mating properties, wear resistance, fatigue strength, contact stiffness, vibration, and noise of mechanical parts. It has a significant effect on the service life and reliability of mechanical parts. The surface roughness values of the three samples are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Roughness of different samples.
The roughness of sample 1 was slightly higher than sample 2 and sample 3, the roughness values of sample 1 was larger than 0.5 μm Sa, and the maximum value was 0.731 μm Sa, this phenomenon may be caused by the fact that sample 1 has more pores on the surface. In contrast, the surface roughness of sample 2 and sample 3 were relatively small compared to that of sample 1, the surface roughness of sample 1 and sample 2 were less than 0.375 μm Sa. Although there were some differences in the surface roughness of the three samples, but the roughness values were not large, and the low roughness can reduce the friction loss between the raceway and the rollers. The surface roughness significantly affects the lubrication effect of the bearing spacer ring. Surface morphology has a greater impact on the formation of lubricating film (Xie et al., 2023a; Xie et al., 2023b). As the surface roughness becomes greater, the conditions for forming the lubricating film become higher. Therefore, it is necessary to improve the surface roughness grade as much as possible.
4.3 Service performance
4.3.1 Hardness distribution
Hardness is the resistance of a solid to the invasion of external objects, and it is an index to compare the hardness of various materials. The Vickers hardness test has the lowest applicability limit, and almost all materials can be tested with the Vickers hardness method (Zhang, 2009; Wang, 2010). The average hardness values of Sample 1, Sample 2, and Sample 3 were 161.06, 173.06, and 123.50 HV, respectively. As shown in Figure 8, the hardest test points of the sample were mostly concentrated in the center of the sample, and the edge had a lower hardness. The reason for the low surface hardness was may be to avoid rolling elements damage. The higher hardness in the center area of the spacer rings improve the overall load rating to a certain extent, avoid bearing damage due to overload.
[image: Figure 8]FIGURE 8 | Hardness at different test points of different samples.
4.3.2 Friction and wear properties
The spacer rings have friction with rolling elements and retainer in the working process. The results show that the average friction coefficient of the sample was 0.85, and the wear loss was 0.03506 g. This result shows that the spacer ring has better friction and wear properties. The plot of the experimental force over time is shown in Figure 9. As shown in Figure 9, the experimental force was constant during the whole time of the experiment. The coefficient of friction over time is shown in Figure 10. The coefficient of friction becomes progressively high as the friction wear time increases.
[image: Figure 9]FIGURE 9 | Experimental force changes over time.
[image: Figure 10]FIGURE 10 | Friction coefficient changes over time.
It is noticeable that the coefficient of friction was stable at about 0.19 from the beginning of the experiment to 273 s when the experiment was conducted. This also indicates that the surface of the spacer ring has not yet shown wear damage and the surface properties have not changed. From 335 to 643 s, the coefficient of friction increased sharply, which is thought to be due to rapid wear of the sample surface, and the surface roughness changed significantly in a short period of time. Although the coefficient of friction is a characteristic of the object itself, it is derived from the ratio of the friction force detected by the sensor and positive pressure set in the experiment, as shown in Eq. 1. The increase of surface roughness leads to a greater friction force measured by the sensor, and therefore the calculated friction coefficient increases. After the experiment was conducted to 643 s, the friction coefficient showed a linear correlation with time. At this time, the roughness of the experimental location might not change significantly, but might be affected by the gradually rising temperature and the gradually deteriorating friction environment.
[image: image]
In the equation, [image: image], [image: image], and [image: image] are the friction coefficient, friction force, and positive pressure, respectively.
In the test, the variation of the wear loss is consistent with that of the corresponding friction coefficient. This shows that when the wear loss is large and the friction coefficient increases, the service performance of the spacer rings is seriously affected and the service life of spacer rings is reduced.
4.4 Error analysis
In the testing process, the introduction of errors needs to be controlled to obtain an accurate result. For element content analysis, the measurement error mainly comes from the contamination of the measured sample, the contaminants will disturb the accuracy of results. Therefore, thorough cleaning of the sample was required before the inspection was carried out. As for surface roughness and hardness testing, sampling points can have a significant impact on the magnitude of the test values, so, it is essential to measure multiple points and analyze them together to eliminate interfering factors. In particular, there are relatively more factors affecting the error of friction and wear test, the temperature and load of the experiment, the accuracy of the force sensor and precision balance may all introduce errors. To obtain relatively small error results in the friction and wear experiments, the stability of the experimental equipment and the standardization of the experimental process should be ensured.
5 CONCLUSION
This paper presented a study of characteristics and performance testing of bearing spacer rings. The basic characteristics, surface properties, and serviceability were tested. Based on the results obtained, following conclusions can be drawn:
(1) A testing method for the characteristics and performance of the spacer ring was proposed. The test method focuses on detecting basic characteristics, surface properties, and serviceability through the elements, cross-sectional morphology, surface morphology and roughness, as well as the hardness and frictional wear.
(2) The main elements of the spacer ring mainly contain Fe, Al, P, Si, Ca, and S, which contribute to the good hardness strength and good corrosion resistance of the spacer ring. The internal pores of the spacer ring can be used as tanks to store oil, thus improving the lubricating properties of the spacer ring.
(3) The surface morphology and surface roughness show that the surface of the spacer ring consists of a flat surfaces and fine pores. The fine pores can improve the lubrication of the spacer ring and the low roughness can reduce the frictional loss between bearings and rollers.
(4) Hardness in the centre of the spacer ring is higher than that of the surface, which helps to protect the rolling elements; The friction coefficient increases with friction wear time, and the average friction coefficient of the sample was 0.85, and the wear loss was 0.03506 g, which means that the spacer ring has good friction and wear properties.
As an important component of bearings, the research for the characteristics and performance of the spacer ring has a decisive impact on the overall performance of bearings. The research on the characteristics and performance of the spacer ring is conducive to promote the research and manufacturing of high-end bearings and support the development of high-end bearings.
The future work will focus on high performance manufacturing of spacer rings, through modelling the relationship between machining parameters and performance, leading to performance-driven manufacturing.
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