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Demands for improved fuel efficiency in automobiles and other vehicles have led to smaller, lighter power transmission device which result in high surface contact stress and a thin oil film, which in turn tends to cause the temperature of rolling bearings to rise. The most common temperature measurement method is to touch a thermocouple against the inner and outer rings, and this method has been used for many years. However, the method using thermocouples can only measure temperatures in a limited range near the measurement point. The authors applied the Seebeck effect, a phenomenon in which an electromotive force is generated when different metals are connected and a temperature difference is applied to bearings, to a method of measuring bearing raceway temperatures called the dynamic thermocouple method. In the dynamic thermocouple method, the average value of each contact points between the different metals generates the emf (electromotive force), so the temperature rise of all the each rolling elements in contact becomes the average value, and the exact point of temperature rise is not clear. Therefore, all but one rolling element was changed to electrically insulating zirconia balls. With this method, the contact points between many different metals became one, making it possible to identify the locations of temperature rises on the raceway surface. This method makes it possible to directly measure the temperature change of the raceway. The results of temperature measurements of the raceway surface using two types of bearings with different raceway accuracy showed a clear difference of temperature. The bearing with a poor raceway accuracy showed a temperature rise in the unloaded zone, and slippage was observed when the behavior of the rolling element was checked with a high-speed camera. Furthermore, in bearings with good raceway accuracy, the temperature of the raceway surface remained almost constant even in the non-load zone. By using the dynamic thermocouple method and observing the rolling elements with a high-speed camera, it was possible to correlate the bearing temperature rise with the behavior of the rolling elements.
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1 INTRODUCTION
As global warming countermeasures, there is a demand for more efficient automobiles and other machines. Tribological optimization of materials is also being considered to improve the sliding surfaces of pistons and cylinders in internal combustion engines, which will contribute to reducing particulate matter emissions by reducing fuel consumption, and therefore reducing wear on the materials in sliding contact. It contributes to the reduction in harmful gases in the air (Milojevic et al., 2024). Another approach from the lubrication field is to improve lubricants by adding nanotube additives (Bukvic et al., 2024). In addition, efforts are being made to reduce friction loss in rolling bearings for automobiles. There are three technical methods for reducing friction loss in rolling bearings. The first is to change the design of the bearing without changing the main dimensions. The second is to reduce the size of the bearing to reduce torque and weight, and the third is to optimize lubrication in terms of lubricating oil type and bearing materials (Sada, 2017). While two kinds of rolling bearings (ball and roller bearings) are used to reduce friction in internal combustion engine components, allowing rotation and relative motion of mechanical elements, but also, these rolling bearing reducing friction technologies in ICEV automotives are being transferred in electric vehicle design (Farfan-Cabrera, 2019). Due to the development for more compact and lightweight power transmission device and the use of low-viscosity oil to improve fuel efficiency in automobiles and other machines, the temperature of rolling bearings tends to rise due to high contact stress and a thin oil film. Following common rolling bearing failure causes can be classified, with their percentage shares:(1) insufficient amount of lubricant: 15%; (2) inadequate selection of lubricant: 20%; (3) aged lubricant (wear products, additive depletion): 20%; (4) solid particle contamination of lubricant: 20%; (5) liquid contamination of lubricant: 5%; (6) inadequate selection of bearing: 10%; (7) handling induced defects: 5%; (8) mounting faults: 5%; (9) bearing material and production faults: less than 1%. As it can be seen about 80% of bearing failures are associated with the tribological causes (cause 1–5) (Vencl et al., 2017). Reducing friction and wear of rolling bearing elements can be achieved by choosing the right structure, choosing materials with a low friction coefficient and high wear resistance and using appropriate types of lubricants for lubrication (Janic et al., 2015). The fault detection and diagnosis along with condition monitoring and rotating machinery have critical importance for early diagnosis to prevent severe damage of infrastructure in industrial environments. Basic signals used for condition monitoring include vibration, noise, and temperature. Vibration and noise are sensitive to noise, but have the advantage that they can be used for early failure detection and diagnosis. Conversely, temperature cannot be used for early failure detection and diagnosis, but it has the characteristics of being noninvasive and resistant to noise (AlShorman et al., 2020). There are two types of temperature measurement: contact type, which uses thermocouples, etc. (Takabi and Khonsari, 2013), and non-contact type, which uses the intensity of infrared rays emitted from an object (Usamentiaga et al., 2014). Contact type measurement is characterized by fixed-point observation and good measurement accuracy, while non-contact type is characterized by the ease of visually understanding the temperature distribution. The most common temperature measurement method is to touch a thermocouple against the inner and outer rings, which has been used conventionally for railroad bearings (Tarawneh et al., 2008) and for development and verification of aircraft engines (Flouros, 2006). However, the method using thermocouples can only determine temperatures in a limited range in the vicinity of the measurement point. Therefore, a technique using infrared rays that detects and visualizes heat to clarify the bearing temperature distribution was used (Jakubek et al., 2021). This method enables visualization of thermal data. In addition, a new technique is the measurement with a sensor that can detect the physical quantity from the amount of wavelength shift, in which the Bragg center reflection wavelength shifts sensitively to temperature by having a short segment in the core of an optical fiber line with a synchronous refractive index modulation of about the wavelength of propagating light (Liu et al., 2013; Dong et al., 2015). Furthermore, a case of temperature measurement by sputtering NiCr and NiSi, which are used as materials for thermocouples, into a thin-film state thermocouple and pressing it onto the edge of a rolling element has been reported (Cui et al., 2022). However, the methods reported so far have not measured the surface temperature of the raceway, which is assumed to be the hottest part of a rolling bearing. Developing a method to continuously measure the surface temperature of rolling bearing raceways is important, as it relates to study into reducing friction loss and improving the reliability of rolling bearings used in automobiles and other machines. Therefore, the authors tried to measure the surface temperature of the raceway surface by using the dynamic thermocouple method, which applies the Seebeck effect, a phenomenon in which an electromotive force is generated. The raceway surface temperature was measured by using the inner ring and rolling elements made of the same material, while the outer ring was made of a different metal. Usually, AISI52100 or carburized steel (AISI4320, AISI9310) is used as the bearing material (Zaretsky, 2012). Basically, the same material is used for the inner ring, outer ring, and rolling elements, but in this study, hardened dissimilar metals were used to generate electromotive force.
2 MEASUREMENT METHOD
This study proposes a dynamic thermocouple method for measuring the temperature of the raceway of rolling bearings. The dynamic thermocouple method is based on the Seebeck effect. The Seebeck effect is a phenomenon in which an electromotive force is generated and an electric current flow when there is a temperature difference between two different metals at each contact point in a closed circuit, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram explaining the Seebeck effect.
To apply the Seebeck effect to rolling bearings, different materials were used for the outer ring and rolling element material A and the inner ring material B, so that the rolling element and inner ring raceway temperatures could be measured. Figure 2 shows the details. When measuring raceway temperatures using the dynamic thermocouple method, the law of homogeneous circuits was used because rolling bearings generate heat at two points: between the inner ring and rolling elements and between the outer ring and rolling elements. The homogeneous circuit law states that when two different metals are assembled in a closed circuit, the emf is affected only by the temperature difference at the contact point and not by heating in the middle of the circuit, even if heating occurs in the middle of the circuit. Therefore, when measuring the temperature of the inner ring raceway, it is not affected by the heat generated by the outer ring raceway. Figure 3 shows an explanation of this. In this case, the outer ring and rolling elements are made of material A and the inner ring is made of material B. The heat generated between the outer ring and rolling elements does not affect the measurement on the inner ring raceway surface because the heat generated is within the same material.
[image: Figure 2]FIGURE 2 | Applying method of the Seebeck effect to measuring rolling bearings.
[image: Figure 3]FIGURE 3 | Explanation of law of homogeneous circuits.
2.1 Composition of rolling bearings
In the dynamic thermocouple method, the average value of each contact points between the different metals generates the emf (electromotive force), so the temperature rise of all the each rolling elements in contact becomes the average value, and the exact point of temperature rise is not clear. Therefore, all but one rolling element was changed to electrically insulating zirconia balls. With this method, the contact points between many different metals became one, making it possible to identify the locations of temperature rises on the raceway surface. This method made it possible to directly measure the temperature change of the raceway. As shown in Figure 4, the contact point between the different metals became one, and the temperature rose point on the raceway surface could be identified. The breakdown voltage of the zirconia sphere used in this study was large. The voltage measured in this study was on the order of 10 mV at the maximum, which did not exceed the breakdown voltage, and thus was considered sufficient for insulation. The metal material specifications in the figure are those of JIS (Japanese Industrial Standards).
[image: Figure 4]FIGURE 4 | Configuration of measurement bearing.
2.2 Calibration of electromotive force
Connect the test piece and the metal wire in the following combinations. Combine the test piece (JIS S55C) and metal wire (JIS S60C) and the test piece (JIS SUS304) and metal wire (JIS SUS304) in a crisscross pattern as shown in Figure 5. Insert the combined test piece and thermometer into a beaker filled with oil. Place the thermos in a heater filled with water. To make the zero contact, fill the thermos with ice water and check that the temperature is 273 K with a thermometer. Insert a metal wire other than the one connected to the test piece into the thermos (zero contact point) at the connection point of the extension cord. Insert and connect the tester to the other end of the extension cord. The emf at the starting temperature of the calibration test was measured, the temperature of the oil in the beater was increased by the heater in 5K increments from 298 to 348K, and the emf was measured at each temperature. The relationship between the obtained temperatures and emf was shown in Figure 5. The test to confirm the law of homogeneous circuits using the test specimens was conducted in the same manner as the emf calibration test described above. Here, the thermometer used was MT-851, MOTHERTOOL, Japan, and the tester was MS8218, MASTACH, China.
[image: Figure 5]FIGURE 5 | Calibration method of this study.
The electromotive force at each temperature is measured, and at the same time, the law of homogeneous circuits was confirmed to be valid by heating the middle point of the metal wire S60C and SUS304 with a heat gun. Figures 6, 7 below show a schematic diagram of the homogeneous circuit law verification test using a test specimen and the actual test. The relationship between temperature and emf did not change when the middle point was heated with a heat gun.
[image: Figure 6]FIGURE 6 | Confirmation method of law of homogeneous circuits.
[image: Figure 7]FIGURE 7 | Actual test situation of law of homogeneous circuits.
2.3 Raceway surface temperature measurement test
Figure 8 shows the experimental setup for a test to measure the raceway temperature of a rolling bearing using the dynamic thermocouple method. The shaft was fixed to the motor, and the load was varied by applying a load to the bearing measuring a load cell. The test bearing and the test shaft must be insulated. An insulating coupling was used between the test shaft and the motor, and a ceramic ball bearing was used as the bearing supporting the test shaft. A slip ring was attached to the other end of the test shaft to extract the electromotive force from the rotating element. A data recorder was used to measure the emf. A schematic diagram of the test apparatus is shown in Figure 9. Here, the tachometer used was HT-5500, Ono Sokki Co., LTD., Japan, the data recorder was DC-004P, Tokyo Measuring Instrument Co., Ltd., Japan, and the load cell was LUK-A-5KNSA1, KTOWA ELECTRONIC INSTRUMENT Co., LTD., Japan. The test was conducted with a bearing load of 100 N and a rotational speed of 60 rpm. The load and rotational speed conditions were set so that test could be carried out safely, since a safety cover could not be attached in order to measure temperature and the rotational speed of the rolling elements.
[image: Figure 8]FIGURE 8 | Actual test apparatus.
[image: Figure 9]FIGURE 9 | Schematic diagram of testing machine.
3 TEMPERATURE AND ROLLING ELEMENT BEHAVIOR MEASUREMENT TEST
The test focused on the accuracy of the bearing outer ring and compared two types of bearings. To improve the accuracy of the bearing inner and outer rings, the bearing material was also changed. Basically, the same procedure was used to prepare for the test as for the material with poor bearing accuracy. The material differences are shown in Table 1.
TABLE 1 | Comparison of bearing specifications.
[image: Table 1]Next, a comparison of the roundness of the bearing outer rings is shown in Figure 10. The accuracy of the inner ring has also improved (4.73 μm ⇒ 0.35 μm). However, the inner ring rotates and the outer ring is stationary under the operating conditions and the roundness of the outer ring is extremely poor (24.82 μm ⇒ 1.03 μm). Figure 11 shows the installation method of the outer ring with poor bearing accuracy. The bearing load is applied at 0°, and the left and right. The angle was determined to be −60°. The point where the circularity increases was set to −60°.
[image: Figure 10]FIGURE 10 | Comparison of outer ring circularity.
[image: Figure 11]FIGURE 11 | Poorly accurate outer ring installation method.
3.1 Temperature measurement test results
To compare the temperature rise caused by differences in raceway accuracy, Figure 12 shows the results for bearings with poor and good accuracy. Figure 12 shows that when bearing accuracy is poor, the temperature rises outside the load distribution area or at points where the rolling element load is small. By observing Figure 12, it was confirmed that the temperature rise pattern differs depending on the bearing accuracy. In the case of poorly accurate bearings, the rolling elements showed a large amount of slippage in the load zone, which was thought to be the cause of the increase in temperature on the raceway surface.
[image: Figure 12]FIGURE 12 | Changes in temperature generation due to bearing accuracy.
3.2 Confirmation of reproducibility
To confirm the reproducibility of the temperature measurement, we confirmed the reproducibility under the condition of good accuracy. The results are shown in Figure 13. The temperature rise value was almost the same for the first and second measurements, and reproducibility was confirmed. No difference in reproducibility due to noise or the like was observed. In this test, the low-pass filter used for temperature measurement was 50 Hz, and no high-pass filter was set.
[image: Figure 13]FIGURE 13 | Confirmation of reproducibility.
3.3 Rolling element behavior measurement methods
Figure 14 shows a schematic of the apparatus used to measure the rolling element behavior. The rolling elements (zirconia balls) were marked to make their behavior easier to understand during the observation. A high-speed camera was used to check the rolling element behavior of the bearing by taking pictures through a mirror as shown in Figure 15.
[image: Figure 14]FIGURE 14 | Overview of the rolling element movement measuring device.
[image: Figure 15]FIGURE 15 | Detail of rolling element movement mesuring device.
3.4 Rolling element behavior measurement results
Figure 16 shows the results of the observation of the rolling element behavior in the lateral portion of the bearing with good accuracy. The measurement start time was set at 0.000 s, and the results were recorded every 0.050 s. Note that the image was taken through a mirror, so the direction of rotation is reversed from the actual direction of rotation. When we checked the behavior of the rolling elements on the side of the bearing, we found that they were rotating with almost no slippage. Figure 16 shows the method used to observe the rolling element behavior at the bottom of the bearing. The measurement start time was set at 0.000 s, and the data was recorded every 0.050 s. The image was taken through a mirror, so the direction of rotation was reversed from the actual direction of rotation. Figure 17 shows the measurement results. It was confirmed that the rolling element did not slide much even at the bottom of the bearing when the raceway accuracy was good, and that the rolling element was almost rolling. From Figure 18, it can be seen that in bearings with poor raceway surface accuracy, the rolling elements spin and slip along an axis perpendicular to the direction of revolution.
[image: Figure 16]FIGURE 16 | Results of the of the observation of rolling element movement.
[image: Figure 17]FIGURE 17 | Detail of the rolling element movement at the bottom of bearing.
[image: Figure 18]FIGURE 18 | Changes in movement of rolling element due to bearing accuracy.
4 RESEARCH RESULTS
Due to various backgrounds, rolling bearings are used more and more in harsh environments, and damage is more likely to occur on the raceway. In this study, we focused on the cause of damage to the raceway from the viewpoint of temperature rise, and measured the temperature of the raceway using the dynamic thermocouple method and the homogeneous circuit law. The temperature rise of the bearing raceways was also compared with different bearing raceway accuracy.
1) For bearings with poor raceway accuracy, the temperature rose in the non-loading zone, and slippage was observed when the rolling element behavior was checked by a high-speed camera. For bearings with good raceway accuracy, the temperature of the raceway remained almost constant in the non-loading zone.
2) When the behavior of the rolling elements in the lower part of the bearing (non-loading zone) was checked with a high-speed camera, the rolling elements in the bearing with a poor raceway accuracy exhibited spinning and sliding motion around an axis perpendicular to the orbital direction. In the case of a bearing with a good raceway accuracy, the rolling element was observed to be in pure rolling motion.
The above results indicate that if the accuracy of the raceway surface is poor, the bearing clearance changes significantly and no load is applied in the unloaded zone, and the direction of rotation is not constant. In addition, the temperature of the raceway cannot be detected because contact between the inner ring and rolling elements is unlikely to occur. The better the raceway accuracy and the smaller the bearing clearance, the more constant the direction of rotation becomes even in the unloaded range. Therefore, the temperature was considered to be almost constant because there was little sliding of the rolling elements. Therefore, it is concluded that the accuracy of the bearing raceway has a significant effect on the temperature rise of the raceway.
5 CONCLUSION
A useful method to continuously measure the surface temperature of the raceway of rolling bearings was developed, and confirmed that the temperature generation patterns differ depending on whether the bearing accuracy is good or bad. This method will contribute to improving design or calculating methods for reducing friction and confirming reliability of rolling bearings. The Seebeck effect and the law of homogeneous metals are common knowledge in the world of physics, but by appropriately combining these two laws, we were able to propose a method for continuously measuring the temperature of rolling bearing raceways, which was previously very difficult. We believe that the fact that we have demonstrated a quantitative evaluation method for areas where no suitable measurement method existed previously will lead to useful developments in mechanical engineering.
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