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This study measures the changes in the viscosity and oil volume of lubricants in a vacuum sliding test under starved EHL to evaluate the lubrication life of a small amount of lubricants, and investigates their time transition and a mechanism of lubrication life. Starved EHL is observed in ball bearings lubricated with a small amount of lubricant, which require low friction torque even at high speeds, such as bearings used in artificial satellites. Under starved oil conditions, the oil film formed in the contact area becomes thin, so it is important to accurately estimate the oil film thickness in order to avoid solid contact. Since viscosity and oil volume affect the oil film thickness in the contact area, it is important to know how they change during the test. In this study, a method was proposed to measure viscosity and oil quantity without breaking the vacuum during a sliding test using a small amount of oil in a vacuum. Using this method, changes in viscosity and oil quantity until the end of lubrication life were measured in a sliding test using a small amount of MAC. As a result, an increase in viscosity and a decrease in oil quantity were observed. The measured results discussed the relationship between the increase in viscosity and the frictional work or sliding distance and indicated that the lubrication condition at the end of lubrication life was severely starved.
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1 INTRODUCTION
Most of the mechanical parts used in satellites orbiting the earth are lubricated with a small quantity of liquid lubricants due to the demand for low torque and other factors. Therefore, the tribological performance of space liquid lubricants has been evaluated on a small quantity of those (Jones and Jansen, 2000; Jansen et al., 2001; Masuko et al., 2010). Mechanical elements lubricated with a small quantity of oil often experience oil starvation in the contact areas, especially at high speeds. In order to avoid solid contact and prevent damage to mechanical elements under starved conditions, it is necessary to predict oil film formation in the contact area. Many studies have experimentally and numerically investigated film thickness under starvation conditions.
The film thickness can be much less than the fully flooded value under starved conditions. Wedeven et al. showed a correlation between the inlet distance of oil meniscus and oil film reduction with an experimental approach using optical interferometry (Wedeven et al., 1971). Hamrock and Dowson (H–D) proposed an equation to calculate the oil film reduction rate using the inlet distance of meniscus (Hamrock and Dowson, 1977a). It is necessary to estimate this distance based on the amount of supplied oil and the operating conditions, and many such studies have been conducted both experimentally and numerically. The formula proposed by H–D is effective when the inlet meniscus distance is known, but it is difficult to measure the inlet distance of meniscus for many mechanical elements. Nogi estimated the oil film shape behind the contact zone using the Coyne–Elrod condition, which considers surface tension. Assuming that the oil film shape flows into the inlet side, Nogi calculated the inlet meniscus distance and film thickness numerically and showed that they nearly agreed with H–D’s formula (Nogi, 2015a). The formula for inlet distance by Nogi is difficult to apply to severely starved conditions when the inlet meniscus distance is less than 1. Cann et al. proposed a formula to calculate the oil film reduction rate using a dimensionless number called starvation degree (SD) that makes it possible to evaluate the degree of oil starvation up to the severe starvation condition (E Cann et al., 2004). In recent years, many studies have also been conducted on methods for estimating oil film thickness under starvation conditions using computational fluid dynamics (CFD). It is possible to calculate the oil film distribution in front of the contact area from the lubricant volume near the contact area and then use this to predict the oil film shape in the contact area under starvation conditions (Zhang et al., 2023). The oil film reduction rate estimated using the operating conditions and the calculation of film thickness using CFD are effective if the viscosity and amount of lubrication are known. While mechanical elements operate, the lubricant may degrade or evaporate, and the viscosity and oil quantity may change. These must be measured or predicted based on operating conditions.
Multiply alkylated cyclopentane (MAC) is the most-used liquid lubricant for space machinery parts due to its high thermal and chemical stability, especially its ultra-low vapor pressure. Although the chemical stability of MAC is very high, frictional conditions and contact with metals can cause partial decomposition of MAC to form low-molecular weight products such as hydrogen, methane, and ethane (John et al., 2001; Lu et al., 2007). It has been pointed out that the decomposition reaction may lead to contamination of nearby optical components and the loss of lubrication. Masuko et al. conducted reciprocating ball-on-disk tests in a vacuum and found that MAC polymerizes by oxidative polymerization (Masuko et al., 2010). This polymerization increases the viscosity of the MAC oil and reduces the replenishment of the lubricant to the contact area, resulting in the starved condition and loss of lubricity. Although there has been progress in research into the reduction and deterioration of MAC, it is still unknown how these progresses or the degrees of starvation of lubrication life. It is difficult to research changes in viscosity and decreases in oil amount in MAC lubricity evaluation tests because the amount of oil supplied is small, on the order of several mg, and is difficult to measure.
In mechanical elements lubricated with a small amount of MAC operating in a vacuum, the viscosity of the MAC increases and losses due to evaporation occur, further thinning the lubricant film due to oil starvation. In order to use mechanical elements safely over the long term, it is necessary to quantitatively predict the increase in viscosity of the lubricant and the decrease in the amount of lubricant. The purpose of this study is to quantitatively evaluate how degradation progresses when a small amount of MAC is rubbed in a vacuum. A method is proposed to measure the viscosity and oil volume of a small amount of lubricant during a ball-on-disk sliding test in a vacuum without breaking the vacuum. Using the proposed method, the viscosity and oil volume of MAC are measured during pure sliding tests using a small amount of MAC, and the transitions up to the end of its life are obtained. From measuring results, viscosity increases during sliding tests and lubrication state at the end of its lubrication life are discussed.
2 EXPERIMENT
2.1 Sliding test
The sliding tests were carried out in a vacuum chamber with a base pressure of 10−4 Pa level. The schematic illustration of test rig is shown in Figure 1. This testing machine is characterized by the ability to install two disk test pieces above and below a steel ball. In this study, the upper disk is a glass disk, and the lower disk is a steel disk. Sliding tests are conducted between the steel ball and the steel disk. Sliding is induced by the steel ball rotation. The rotating shaft on which the steel ball is attached is connected to a stepping motor outside the chamber via a magnetic fluid seal. The rotating shaft is supported by a single-axis gimbal, and the rotation of the rotating shaft around the center of the gimbal is allowed by the deformation of the bellow. Using a weight, this testing machine can apply a load in the vertical direction to the point where the distance from the gimbal’s center of rotation is the same as from the steel ball. The steel ball can contact either the upper or lower disk by switching the direction of the load. When a steel disk and a glass disk are placed below and above the steel ball, respectively, sliding tests can be conducted between the lower steel disk and the steel ball, and the visualization test can be performed by interrupting the sliding test and bringing the upper glass disk and the steel ball in contact.
[image: Figure 1]FIGURE 1 | Schematic illustration of the test rig.
Sliding in the sliding test and visualization tests is induced by rotating steel ball, and the frictional force during the sliding test is measured with the load cell. By placing the disks symmetrically above and below the steel ball, sliding and visualization tests can be performed on the same track of the steel ball. In this study, the distance of the steel balls from the upper and lower disks is set to 1 mm, and the rotation angle of the shaft required to bring the balls into contact with each disk is less than 1 deg. One optical image from a visualization test is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Optical image in a visualization test.
Physical properties of test specimens and test conditions used in the tests are as follows. The material of the steel ball and the steel disk for the sliding test is SUS440C (Young’s modulus 200 GPa, Poisson’s ratio 0.3). The glass disk for the visualization test is made of BK7 optical glass (Young’s modulus 80 GPa, Poisson’s ratio 0.21). The sliding test was performed with a load of 10 N and rotating speed of 10–100 rpm (5.2 mm/s to 52 mm/s). The load and rotational speed are adjusted to those of the sensor bearings, which operate at relatively low rotational speeds among the mechanical components used in satellites.
The visualization test was performed with a load of 1 N to reduce wear during measurement, and the rotating speed was 1–100 rpm (0.52–52 mm/s). The lubricant’s MAC (0.2 cst@25°C) was applied to the steel ball before the test began, and the tests were then performed without supplying any more lubricant. After applying MAC to the steel ball, it was rotated at 100, 200, 500, 1,000, and 2,000 rpm for 5 min and then at 3,000 rpm for 10 s to spread it evenly over the ball. The rotation speed and time were selected empirically so that the average initial oil film thickness was several tens of micrometers, similar to that in the test by Masuko et al. (2010). In this study, when the friction coefficient measured during the sliding test exceeded 0.3, it was considered to be at the end of its lubrication life, and the test was stopped.
2.2 Measurement of the amount and viscosity of the lubricant
In this study, viscosity is calculated with the dimensionless inlet distance equation proposed by Nogi (2015a), as shown in Equation 1:
[image: image]
Where, m is a dimensionless number obtained by dividing the inlet distance dm (shown in Figure 2) by the Hertz radius of the contact area. Hi is the amount of oil in the meniscus divided by the area of the meniscus on the glass disk, and the average oil film thickness hi is made dimensionless using the steel ball diameter and Hertz radius. If the meniscus shape can be measured, hi can be calculated from the geometric shape between the steel ball and the disk and calculated by Equation 2 using the diameter dv (shown in Figure 2) at the cross section perpendicular to the sliding direction.
[image: image]
Hcff is calculated by making hcff (central film thickness in fully flood condition) dimensionless using the steel ball diameter and Hertz radius. In this study, the Johnson dimensionless number was used to determine the region, and hcff was calculated using the Hamrock–Dowson formula for the piezo-viscous elastic region (Equation 3) (Hamrock and Dowson, 1977b; Johnson, 1970).
[image: image]
C is the capillary number and is expressed by Equation 4.
[image: image]
By calculating the average oil film thickness hi from dv and Equation 2, the relationship between viscosity and dimensionless inlet distance can be obtained from Equations 1, 3. As examples, the variation in viscosity with a dimensionless inlet distance at sliding velocity and hi = 0.005 mm and 0.03 mm are shown in Figure 3. Figure 3 shows that the inlet meniscus distance decreases with increasing viscosity for the following reasons. The increased viscosity causes insufficient re-flow behind the contact outlet, causing the sideband to move outward. As a result, the amount of oil flowing from the sideband into the contact area near the inlet of the contact area is reduced, and the inlet distance becomes shorter (Nogi, 2015b). Using hi measured during the test, the relationship diagram between the inlet distance and viscosity is created as shown in Figure 3, and the viscosity is estimated from the measured dimensionless inlet distance. When measuring the viscosity in the visualization test, a velocity was selected such that the dimensionless inlet distance was in the range of 1.5–3. In this study, it is assumed that the surface tension does not change even when the viscosity of the lubricant changes.
[image: Figure 3]FIGURE 3 | Variation of viscosity and inlet distance for hi = 0.005 and 0.03 mm as the viscosity of the lubricant changes.
3 RESULT AND DISCUSSION
3.1 Changes in the amount and viscosity of oil in the sliding test
Figure 4 shows the changes in friction coefficient over time obtained in sliding with a load of 10 N for the rotation speeds of 10 and 100 rpm. Regardless of the rotational speed, the coefficient of friction increased at the start of the test, then decreased and stabilized at a constant value, and then increased rapidly again, reaching the lubrication life. There was no significant difference in the friction coefficient during the test at either rotating speed, and it is inferred that the sliding test was carried out in the boundary lubrication region. The time to reach the end of its life was shorter at 100 rpm.
[image: Figure 4]FIGURE 4 | Changes in the friction coefficient with time in the sliding test.
The sliding test was stopped mid-test, and a visualization test was performed. When the friction test was stopped, the friction coefficient shown in Figure 4 was 0. In addition, when the friction coefficient exceeded 0.3 and the lubrication life was reached, the visualization test was performed after the sliding test was finished. Figure 5 shows optical images taken at test times of 42, 90, 163, and 242 h during a sliding test at a rotating speed of 10 rpm. In the 47-h and 90-h cases, a closed shape (shape 1) is observed, which ensures that the truck is fully replenished, and in the 163-h case, a butterfly shape (shape 2) is observed, which is seen in situations of oil shortage. These shapes have also been observed in air and are known to change from shape 1 to shape 2 with increasing velocity, viscosity, and decreasing oil amount (Van Emden et al., 2016). The meniscus size and inlet distance gradually decrease as the test progresses. Using the dm and dv values measured from each visualization test performed during the sliding tests, the viscosity and average film thickness were calculated using the procedure described in Section 3.2 and are shown in Figures 6A, B. It can be seen that the viscosity gradually increases, and the average film thickness gradually decreases, regardless of the rotating speed. The viscosity at the end of its life increased significantly at 10 rpm over that at 100 rpm. Compared to the initial viscosity, it increased by a factor of 90 at 10 rpm and 10 times at 100 rpm. The rate of change in viscosity over time is faster at 100 rpm. The rate of change of viscosity over time appears to be faster at 100 rpm. The average film thickness at the end of its lubricating life is similar at both speeds; the rate of decrease was faster at 100 rpm, and was roughly constant throughout the test.
[image: Figure 5]FIGURE 5 | Optical images in the visualization test in the sliding test of 10 rpm shown in Figure 4.
[image: Figure 6]FIGURE 6 | Changes in viscosity and average film thickness in the sliding test of 10 rpm and 100 rpm shown in Figure 4. (A) Viscosity. (B) Average film thickness (hi).
3.2 Effects of sliding for viscosity increase of MAC
Figure 7 shows the changes in the friction coefficient, viscosity, and average film thickness shown in Figures 4, 6 for the sliding distance. It can be seen that the sliding distance until the end of the lubrication life is longer at 100 rpm. The rate of change in viscosity and oil volume relative to the sliding distance is smaller at 100 rpm.
[image: Figure 7]FIGURE 7 | Changes in (A) friction coefficient, (B) viscosity, and (C) average film thickness (hi) with sliding distance in the sliding test of 10 and 100 rpm shown in Figures 4, 6.
The product of the friction force and the sliding distance is called friction work and is used as an index of the energy generated by the friction at the contact area. The friction work up to the end of its life was approximately 3,100 J and 4,600 J in the 10 rpm and 100 rpm tests, respectively. Since the friction force during the test does not differ significantly between the test results at 10 rpm and 100 rpm, the friction work is greater at 100 rpm, which has a longer sliding distance until the end of its life. At 100 rpm, where frictional work is greater, the increase in viscosity is smaller, and no correlation is observed between the increase in viscosity and frictional work. Lu et al. investigated the evolution of low molecular weight gases during vacuum sliding tests of MAC and reported that the rate of gas evolution was determined by the amount of nascent surface rather than the magnitude of friction work (Lu et al., 2007). In a study by Masuko et al., polymerization by oxidation did not occur during sliding tests in air, and it was considered that polymerization requires the generation of nascent surface (Masuko et al., 2010). Lu et al. reported that the gas generation rate is proportional to the sliding velocity. The time integration of the gas generation rate and the sliding velocity results in the amount of gas generated and the sliding distance, so the amount of gas generated is proportional to the sliding distance (Lu et al., 2010). Considering the reports by Lu et al. and Masko et al. together, it is thought that the polymerization of MAC and the associated increase in viscosity require the generation of new surfaces and that the total amount of reaction is proportional to the sliding distance. However, the results of this test show that the viscosity increase was smaller in the 100-rpm test, which has a longer sliding distance, and the viscosity increase cannot be explained solely by chemical reactions at the contact surface. Observation of the test specimens after the test revealed that a large amount of wear debris and powder had been mixed into the MAC. It is known that mixing solid powder into a liquid increases the viscosity. It has been revealed that when grease lubrication is used, in the low speed range, the concentration of the thickener increases near the inlet of the contact area, resulting in increased viscosity and oil film thickness. If something similar to this occurs in this test as a result of an increase in the concentration of wear debris mixed into the lubricating oil, this may explain why the viscosity is higher at 10 rpm than at 100 rpm.
3.3 Mechanisms of friction increment at the end of the sliding test
The meniscus observed in the visualization test after the life evaluation test was split into left and right at a rotation speed of 10 rpm, as shown in Figure 5D, and was similar in the life test at 100 rpm. Under these conditions, lubricant flow from the sideband to the contact area does not occur, and it is assumed that the lubricant film ruptures due to insufficient lubricant supply to the contact area, resulting in increased friction. A parameter that indicates the degree of oil starvation is the inlet distance that is used to measure viscosity, but, as there is no meniscus in front of the contact zone, the inlet distance cannot be defined in the present results. Therefore, the starvation degree (SD) proposed by E Cann et al. (2004) is used as an indicator of the degree of oil shortage to organize the state of oil shortage during the sliding test; SD is expressed by Equation 5:
[image: image]
where h∞ is the average oil film thickness, and in this study, SD is calculated as h∞ = hi. As the viscosity in this study was calculated on the assumption that the surface tension of the lubricant had not changed due to degradation, the same assumption was made here, and the value of the lubricant before the test was used. The variation in the SD calculated using the measured viscosity and average film thickness with respect to the sliding distance is shown in Figure 8. The results for both rotational speeds show that SD increases monotonically with sliding distance and reaches its life at approximately 6. In addition to the results shown in Figure 8, life tests were conducted twice at 10 rpm and once at 100 rpm, and the SD at the end of life was approximately 6 in these tests. In a small amount of oil lubrication, it is difficult to define the lubrication life because the sliding distance at the end of the life varies depending on the speed. Although it is necessary to confirm this by conducting tests under different test conditions, the SD is expected to be a dimensionless parameter that can be used to determine lubrication life.
[image: Figure 8]FIGURE 8 | Changes in SD with sliding distance in sliding test of 10 rpm and 100 rpm.
4 CONCLUSION
In this study, a method was proposed to calculate the viscosity and oil volume during sliding tests with a small amount of MAC by measuring the meniscus shape. Using this method, the changes in viscosity and oil content of MAC during friction tests in vacuum were measured over the life of the lubricant without breaking the vacuum. Under the test conditions in this study, regardless of the rotating speed, the friction coefficient increased at the beginning of the test, remained at a constant value, and then increased rapidly just before the life of the lubricant, reaching the lubrication life. The magnitude of the friction coefficient was similar, regardless of the rotating speed, indicating that the tests were conducted with boundary lubrication. From the results of sliding tests, the viscosity increases during the MAC sliding test and the lubrication state at the end of its lubrication life were discussed, and the following conclusions were obtained:
• Viscosity gradually increases, and the average film thickness gradually decreases regardless of the rotation speed. Viscosity at the end of its life increases significantly at 10 rpm over that at 100 rpm, and compared to the initial viscosity, it increases by a factor of 90 at 10 rpm and 10 at 100 rpm.
• Past research predicted that the increase in MAC viscosity that occurs during a sliding test would increase as the sliding speed and the sliding distance increase, extending the life of the oil. However, in this study, the viscosity increase was greater for a lower sliding speed and shorter sliding distance until the end of its life. This result indicates that the increase in MAC viscosity is not caused solely by chemical reactions on the nascent surface, and it is necessary to investigate whether the viscosity increase is due to other factors, such as the incorporation of wear particles.
• When MAC reached the end of its lubrication life with a dimensionless inlet distance of less than 1, it entered severe starvation. When the degree of oil starvation was evaluated by SD, regardless of rotating speed, SD increased monotonically throughout the test, and the value was 6 at the end of the lubrication life.
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