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Abstract

:

Wear is one of the main failure causes of hydraulic seals. Wear will lead to degradation in the mechanical properties and sealing properties of seals. Compared with hydraulic seals with one-way rotational motion, the hydraulic reciprocating rotary seals work in more complex operating conditions, so their wear mechanism becomes more complicated. Aimed at exploring the friction and wear law of hydraulic reciprocating rotary seals and the property evolution law during the wear process, this paper set up an experimental system to simulate the working conditions of the hydraulic reciprocating rotary seals. The friction characteristics were obtained under different working pressures and different motion parameters. The wear characteristics were obtained under rated working conditions. The surface morphology was observed by SEM and the wear mechanism was analyzed.
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1. Introduction


The seals are important components used in the hydraulic system which prevent the leakage of high-pressure oil and the entry of external pollutants into the system. The seals in a hydraulic system can be divided into two types: static seals and dynamic seals. Dynamic seals are more likely to fail because of their complex force environment. The failure of seals is one of the leading causes of hydraulic components and system failure, which will cause huge economic loss [1,2,3]. Seal failure can be caused by wear, aging, and improper use. Wear is one of the main reasons leading to the failure of dynamic seals [4,5,6]; the research on the friction and wear characteristics of seals is of great significance to reveal the failure mechanism and establish reasonable maintenance and replacement strategies.



The experiment method is the main method to obtain the friction and wear characteristics of the seals. Scholars have carried out a lot of research on the friction and wear properties of seals and sealing materials using friction and wear testers [7]. Scholars have studied the tribological properties of rubber, polytetrafluoroethylene (PTFE), and other sealing materials under different working conditions by using friction and wear testers. Gong et al. [8] have studied the friction behavior and sealing performance of three sealing polymer materials: polytetrafluoroethylene, polyimide (PI), and polyether ether ketone (PEEK). The results of the study suggest that PTFE and PEEK seals have lower friction coefficients and less leakage during the experiment process and their tribological property is better than PI seals. Dong et al. [9] studied the two-body wear characteristics of nitrile rubber and the influence of abrasive size on abrasive wear by sliding nitrile rubber on SiC sandpaper with different mesh numbers. They also discussed the influence of Al2O3 hard particles and the particle size on the tribological behavior of acrylonitrile-butadiene rubber/316L stainless steel tribo-pairs [10]. Shen et al. [11] conducted an abrasive wear experiment on 316L stainless steel and acrylonitrile butadiene rubber (NBR) friction pairs to evaluate the friction and wear performance of rubber seals under different abrasive particle concentrations. Ren et al. [12] studied the tribological properties of wear-resisting nitrile rubber, ordinary nitrile rubber, hydrogenated nitrile rubber, and fluoroether rubber and found that hydrogenated nitrile rubber and wear-resisting nitrile rubber have better performance. He et al. [13] investigated the friction and wear properties of nitrile rubber/short carbon fiber composite.



The above research provides a reference for the material selection and tribological design of seals. However, the tribological experiments were carried out in a friction and wear tester, the tribological characteristics of seals in real working conditions are difficult to obtain by the above methods. The force environment of seals in the real working process is complicated and their tribological properties might be different compared to the seals working in a friction and wear tester.



To obtain the tribological properties of seals in real working conditions, scholars designed an experiment device to simulate the working environment of the seals. The tribological properties of seals can be obtained under different working conditions. Nikas et al. [14,15] conducted a great amount of experimental research on the friction and leakage characteristics of reciprocating rectangular hydraulic seals in a wide temperature range (−54~135 °C) and a wide pressure range (3.4~34.5 MPa). Heipl et al. [16] measured the friction of the hydraulic cylinder’s inner seal at a high acceleration and speed through an experimental method. Xuan et al. [17] studied the high-speed scraping behavior between silicone vulcanized rubber and aero-engine fan blades and the wear resistance of sealing rubber was evaluated. Deaconescu et al. [18] discussed the study of the types of friction in the sealing friction systems and established methodologies for the analytical and experimental determination of the friction forces introduced by coaxial sealing systems. The result of the research showed that coaxial sealing systems generate friction forces several times smaller than those caused by other sealing types, which ensures that hydraulic cylinders equipped with such seals have higher efficiency. Wang et al. [19] revealed the friction and wear mechanism of the O-ring in a magnetorheological damper. A friction calculation model was established in the study; the research results showed that piston rod speed, particle size, and particle mass fraction had a certain effect on the friction coefficient and oil film thickness. Azzi et al. [20] experimentally studied the friction behavior of different geometric seals in the cylinders under different operating conditions. Considering the interaction of temperature, friction, and wear, Frolich et al. [21] established the wear calculation model of radial shaft seals by combining the finite element method used to calculate contact pressure under different wear conditions, the semi-analytical method used to calculate contact temperature and the empirical method used to calculate friction. Peng et al. [22] studied the influence of piston rod surface roughness on rubber ring sealing friction and leakage.



In the above literature, the research on the friction and wear of hydraulic seals mainly focuses on reciprocating linear seals. The rotary seal is also a common seal used in hydraulic components [23,24,25] and there is little research on the friction and wear of rotary seals. A reciprocating rotary motion is also a typical motion form that exists in some hydraulic components, such as rotary joints. Compared with hydraulic seals with a one-way rotational motion, the hydraulic reciprocating rotary seals work in more complex operating conditions, so their wear mechanism becomes more complicated. However, research on the friction and wear of reciprocating rotary seals has not been reported.



Aimed at exploring the friction and wear law of hydraulic reciprocating rotary seals and the property evolution law during the wear process, this paper sets up an experimental system to simulate the working conditions of the hydraulic reciprocating rotary seals. The friction characteristics were obtained under different working pressures and different motion parameters. The wear characteristics were obtained under rated working conditions. The surface morphology was observed by SEM and the wear mechanism was analyzed.




2. Sealing Assembly and Method


2.1. Design of the Experiment System


The friction and wear experiment system of the reciprocating rotary seals was set up in this study and the working principle of the experiment system is shown in Figure 1. The main parameters of the system are shown in Table 1. The system is mainly composed of a pneumatic system, hydraulic system, testing device, and data acquisition system. The pneumatic system provides high-pressure gas to drive the rotating cylinder movement, which can provide a smooth reciprocating rotating motion for the sealing assembly mounting shaft. The rotation speed of the rotating cylinder can be controlled by adjusting the throttle valve and the rotation angle can be controlled by adjusting the adjusting knob in the rotating cylinder, which can simulate the motion of the reciprocating rotating seal under different working parameters. The hydraulic system provides the working pressure for the seal assembly. A 10# aviation hydraulic oil was used in the hydraulic system. The constant pressure variable pump was used as the hydraulic source. When the system pressure reaches the pressure set point, the output flow of the hydraulic pump decreases, which can maintain the pressure stability of the test system and avoid the waste of energy. The oil temperature in the hydraulic tank can be monitored in real time. The hydraulic system uses an air-cooled radiator to keep the oil temperature near the set value. The testing device mainly includes a rotary cylinder, revolution speed/torque meter, and test chamber. As shown in Figure 2, the test chamber is used to install the seal assembly with two pairs of combination seals. The combination seals consist of a retaining ring with Polytetrafluoroethylene material and a rubber ring with nitrile rubber material. The main sizes of the seal and the rotating shaft are shown in Table 2 and Table 3. The data acquisition system consists of a data acquisition card and a host computer, which can collect the pressure and speed torque signals in real-time during the experiment process.




2.2. Experiment Process and Scheme


2.2.1. Experiment Process


Before the experiment, an ultrasonic cleaner was used to clean the seal components in alcohol for 20 min and the seal components were dried in natural air. An electronic balance with a precision of 0.1 mg was used for weighing. Each sample was weighed 3 times and the average value was taken as the weight value. The surface of the samples was observed by laser confocal microscope and scanning electron microscope.



When the experiment started, the air compressor was turned on in advance. The pneumatic throttle valve and the limit nut of the rotating cylinder were adjusted to make the rotating cylinder rotate according to the specified reciprocating frequency and rotation angle. The tested seal assembly was installed in the experiment device. The hydraulic oil temperature was kept at 35 ± 2 °C during the experiment. The hydraulic pump was turned on and the system pressure was adjusted to the specified pressure. The experiment time, working pressure, and speed torque signals were recorded in real-time in the experiment process.




2.2.2. Experiment Scheme


In this study, the friction and wear characteristics of hydraulic rotary seal components are obtained by friction and wear experiment. The friction characteristics of the seal components can be obtained in a shorter experiment time and the wear characteristics need a longer experiment time, the two experiments were carried out separately. The friction characteristic experiment was used to obtain the friction characteristics of the seal components under different working parameters. Each experiment was operated for 10 min. It can ensure that the friction characteristics of the seal assembly were obtained under the same wear degree due to the short experiment time. The experiment scheme is shown in Table 4.



The wear experiment is used to obtain the seal assembly’s wear and tribological evolution characteristics. The same experiment period was specified. When an experiment period was finished, the quality change in the seal assembly before and after the experiment period was calculated and the wear loss can be measured in each experiment period. When the experiment time reached the experiment period, the seals were torn down, cleaned, weighed, and observed on the surface. After these steps, the seals were once again installed in the original position for the next period of the experiment. The experiment had finished when the number of measurements had been completed. The wear characteristic experiment scheme is shown in Table 5.



In order to obtain the time-varying law of the friction characteristics of seals under a long-time experiment, a group of tested components was tested for 250 h.






3. Analysis and Discussion


3.1. Friction Characteristics


3.1.1. Friction Characteristics under Different Working Parameters


The reciprocating frequency is 0.5 Hz and the rotation angle is 180°, the rotational speed curve with time is shown in Figure 3. It can be seen from Figure 3 that when the cylinder began to work, the rotating shaft speed increased rapidly and then fluctuated within a certain range. When the cylinder rotated in reverse, the rotational speed of the rotating shaft also showed the same change. It is worth noting that Figure 3 records the raw data of the revolution speed/torque meter, measurement error is also a cause of data fluctuation. The frequency spectrum of rotational speed was analyzed and the spectrum map is shown in Figure 4. It can be seen from Figure 4 that a peak appeared at 0.5 Hz, which was the same as the reciprocating frequency of the experiment.



The reciprocating frequency is 0.5 Hz and the rotation angle is 180°, the friction torque curves with time under the pre-compression condition (P = 0 MPa) and rated condition (P = 21 MPa) are shown in Figure 5. The speed of the rotating shaft was relatively slow and the mass of the rotating shaft was small, so the effect of the moment of inertia was ignored during data processing. The matching form of the rotating shaft and shaft hole is gap matching, which means there is no additional friction torque without the installation of seals. Therefore, the torque measured by the revolution speed/torque meter is the friction torque of the seals. It can be seen from Figure 5a that in the pre-compression condition, when the center shaft began to rotate, the frictional torque increased rapidly. With the progress of rotational motion, the friction torque fluctuated within the range of 0.38~0.6 N·m. Then, the center shaft rotated in reverse and the friction torque dropped to a negative value and fluctuated in the range of −0.38~−0.8 N∙m. It can be seen from Figure 5b that in the rated condition, the frictional torque increased rapidly at the beginning of rotation and maintained around 1.4 N·m during rotation. Compared with the pre-compression condition, the friction torque fluctuation of the seal assembly under the rated condition was smaller.



The frequent motion and motionless state of the reciprocating rotary seals appeared when it was working, so the friction power is also an important embodiment of its friction characteristics. The change curve of the friction power of the reciprocating rotary seals with time under pre-compression and rated conditions is shown in Figure 6. It can be seen that the friction power of the seals has strong fluctuation under the pre-compression condition and rated condition. This is because the speed of the central shaft would change abruptly in the starting and stopping stages, resulting in friction power fluctuations. It is worth noting that the sampling frequency is 10 data per second in the experiment. Therefore, the data in Figure 6 have discreteness. Especially at the moment when the cylinder was reversed, the speed should be zero, the friction power should also be correspondingly zero. However, in Figure 6, the friction power value has a low zone and does not reach 0.



The monitoring data of 10 min were selected and the absolute value of torque was calculated first. The torque was calculated by averaging the torque value. Figure 7 shows the variation curve of the mean friction torque of the sealing component under different working pressures. It can be seen from Figure 7 that the sealing component’s friction torque is small under the pre-compression working condition. However, when the working pressure increases from 0 MPa to 3 MPa, the friction torque of the sealing component suddenly increases. With the increase in the working pressure, the friction torque presents a linear increase trend. It can be seen from the linear fitting equation and goodness of fit R2 that there is a good linear correlation between the working pressure and the friction torque. In pre-compression working conditions, there is a small contact area and contact pressure between the sealing component and the contact component, which makes the friction torque of the sealing component smaller. When the oil pressure is loaded, the rubber ring deforms under the action of high-pressure oil [26,27,28] so that the contact area between it and the inner wall of the sealing hole rapidly increases, which is the main reason for the sudden increase in friction torque. Later, with the increasing of the oil pressure, the contact area between the rubber ring and the inner wall of the sealing hole did not change greatly, but the contact stress will linearly increase with the oil pressure, so that the friction torque and the working pressure also showed a linear change relationship.



Power is used to characterize the rate of energy conversion and friction power is used to characterize the rate of kinetic energy dissipation during the friction process. In the process of friction, kinetic energy is converted into internal energy and wear occurs at the contact interface. The greater the friction power, the more intense the friction process, resulting in a faster wear rate [29,30]. The reciprocating frequency is set at 0.5 Hz and the rotation angle is set at 180°. The boxplot of the friction power of the sealing assembly with different working pressures is shown in Figure 8. It can be seen from Figure 8 that the sealing component’s friction power increases with the increase in working pressure. In the pre-compression condition, the friction power of the sealing component is small and the range of value change is small. When the high-pressure oil is worked, the mean value of the friction power of the sealing assembly increases and the variation range of the friction power also increases slightly with the increase in the working pressure. At each test point, the mean friction power of the sealing assembly is 1.63 W, 3.01 W, 3.24 W, 3.42 W, 3.57 W, 3.93 W, 4.14 W, and 4.26 W, respectively. The mean friction power shows a linear increasing trend with the increase in working pressure. This phenomenon indicates that the wear rate of the reciprocating rotary seal will be fast under high working pressure.



Figure 9 shows the relation curve of the mean friction torque of sealing components with different rotation frequencies under 21 MPa working pressure and 180° rotation angle.



It can be seen from Figure 9 that when the reciprocating frequency increases from 0.095 Hz to 0.638 Hz, the friction torque increases slowly. The friction torque increases from 1.0046 N·m to 1.1494 N·m with an increase rate of 14.41%. When the reciprocating frequency increases from 0.638 Hz to 0.880 Hz, the friction torque increases rapidly. The friction torque increases from 1.1494 N·m to 2.1728 N·m with an increase rate of 89.02%. The friction torque is mainly generated by the friction between the rubber ring and the contact part. The rotation speed will increase with the increase in reciprocating frequency. When the rotation speed increases, the friction force between the components becomes larger due to the viscous friction of the rubber. This is consistent with the results in the reference [14,16]. When the reciprocating frequency is greater than 0.638 Hz, the friction torque value will increase rapidly. The reason for this phenomenon may be that when the rotation speed of the rotating shaft was slow, the rotating shaft would not drive the retaining ring or rubber ring movement. And when the rotation speed of the rotating shaft was too fast, the rotating shaft drove the retaining ring or rubber ring to movement. It makes the relative motion state between the retaining ring, the rubber ring, and the contact components change. This causes more components to move relative to each other, which increases the friction between the rotating shaft and the contact component.



The working pressure is set at 21 MPa and the rotation angle is set at 180°, the boxplot of the friction power of the sealing assembly under different rotation frequencies is shown in Figure 10. It can be seen from Figure 10 that the mean friction power of the sealing component increases with the increase in reciprocating frequency, this change is particularly obvious when the reciprocating frequency is greater than 0.638 Hz. At each test point, the mean friction power of the sealing assembly is 0.59 W, 1.30 W, 2.13 W, 2.71 W, 3.29 W, 5.89 W, 10.41 W, 13.12 W, and 14.54 W, respectively. Therefore, the mean friction power will show exponential correlativity with the reciprocating frequency. The variation range of friction power also increases sharply with the increase in reciprocating frequency. This phenomenon indicates that the wear rate will become fast when the reciprocating frequency is large.



The working pressure is set as 21 MPa and the reciprocating frequency is set as 0.5 Hz, the mean friction torque of the sealing component under different rotation angles is shown in Figure 11. It can be seen from Figure 11 that there is no monotone variation between the frictional torque and the rotation angle. When the rotation angle increases from 30° to 90°, the frictional torque decreases; when the rotation angle increases from 90° to 180°, the frictional torque increases. When the rotation angle increases from 30° to 180°, the friction torque fluctuates in the range of 0.84~0.96 N·m. Compared with working pressure and reciprocating frequency, rotation angle has less effect on friction torque.



The working pressure is set as 21 MPa and the reciprocating frequency is set as 0.5 Hz, the boxplot of the friction power of the sealing assembly under different rotation angles is shown in Figure 12. It can be seen from Figure 12 that the mean value and variation range of friction power increase with the increase in rotation angle. The reason for this phenomenon is that at the same reciprocating frequency, the rotation speed increases with the increase in the rotation angle, which gives rise to the increase in friction power. This indicates that at the same reciprocating frequency, the greater the rotation angle of the rotary seal assembly, the faster the wear rate.




3.1.2. Time Evolution Characteristics of Friction Torque


The working pressure is set as 21 MPa, the experiment time is set as 250 h, and the torque change of the seal component is shown in Figure 13. It can be seen from Figure 13 that the friction torque of the sealing component is high volatility and has different change characteristics in different experiment periods, which reflects the change in the contact state and wear state of the sealing component. In the same tribological system, there is a positive correlation between friction coefficient and wear rate [6] so the wear state can be identified by the friction torque. As shown in Figure 13, an abrupt change in torque occurs in region A, combined with the observation of the experiment device in the experiment process, a large amount of debris in the gap between the rotating shaft and the shaft hole can be found. The phenomenon indicates that a severe wear process occurred in the retaining ring during this period and the friction torque increased due to the existence of wear debris. With the continuous relative rotation between the shaft and the shaft hole, the wear debris is gradually triturated and squeezed out of the gap. At this period, the friction torque decreases and the contact state will be maintained for a long time. The friction torque increases in region B and the friction torque fluctuates greatly. Black impurities were observed on the outside of the seal gap during this experimental period. This indicates that the rubber ring was more severely worn during this period. The reason for this phenomenon may be that the rubber material was squeezed into the gap between the shaft and the shaft hole, resulting in an increased friction torque. The friction torque decreases in region C. No new debris was observed during this period. It indicates that the sealing component wear rate decreased during this period. Due to the complexity of the contact state, the sealing component self-adjusted to a relatively good contact state. However, this contact state will not be maintained for a long time and the frictional torque will continue to increase or decrease with the increase in the experiment running time.





3.2. Wear Characteristics


The wear experiment was carried out in accordance with the formulated experiment scheme in Table 5 and the weight of each seal component changed with the experiment time as shown in Figure 14. It can be seen from Figure 14 that the weight of different seal components presents monotonically decreasing changes with the increase in experiment time. The weight of different seal components changes at different rates, which indicates that the wear rate of different seal components presents certain differences. Compared with the rubber ring, the difference in the wear rate of the retaining ring is big. This is mainly because the retaining ring is the rapid-wearing component under the reciprocating rotating motion pattern. Due to the different contact states between the components, there would be a random relative rotation state between the retaining ring and the rubber ring. The side face of the retainer ring would appear seriously worn under the squeezing action of high pressure.



The change in part weight increment at different measurement timing is shown in Figure 15. It can be seen from Figure 15, the part weight increment has a certain randomness; that is, the wear rate is different at different experiment times. The weight increment difference of the rubber ring is small at different measurement timings and its value will fluctuate between 0.001 g and 0.008 g. The wear rate of the retaining ring has a large difference and a serious wear process occurred within the experiment time of 40~60 h. A statistical analysis and normal distribution test were carried out on the wear increment of the retaining ring and rubber ring and the results are shown in Figure 16 and Table 6. It can be seen from Figure 16a that the data are distributed on both sides of the fitted curve but there is an abnormal data point. When the abnormal data points are removed, the data points are distributed evenly on both sides of the line, as shown in Figure 16b. It indicates the data are normally distributed. The wear data of the rubber ring have good normal distribution characteristics, as shown in Figure 16c. It can be seen from Table 6 that the wear weight increment of the retainer ring and rubber ring both conform to normal distribution. The wear weight of retaining ring 1 is abnormally large within 40~60 h. Therefore, this value is considered as an outlier in the distribution test. When the abnormal wear value of the retaining ring is removed, the reliability that the retainer wear weight increment conforms to normal distribution becomes higher.




3.3. Surface Morphology


Rubber ring 1 was used to analyze the wear process and wear mechanism. The worn surface morphology of the rubber ring before and after the experiment is shown in Figure 17 and Figure 18. The wear process of the rubber ring appeared when the relative motion occurred between the retaining ring, the shaft hole surface, and the bottom surface of the seal groove. Because the wear rate of the retainer ring is faster than that of the rubber ring in the early stage experiment, the change in the morphology of the retaining ring made the rubber ring easy to squeeze into the gap between the retainer ring and the sealing hole wall. When the rubber ring moved relative to the surrounding parts, the material fell off at the clearance part. As shown in Figure 17, two wide squeeze grooves appear on the side face of the rubber ring in contact with the retaining ring. The surface wear made the roughness of the retaining ring higher, which made the wear rate at the contact surface between the rubber ring and the retaining become faster. The roughness of the shaft hole surface and the bottom surface of the seal groove is small, the wear rate of the contact part between the rubber ring and the shaft hole surface and the bottom surface of the sealing groove is slow and the wear characteristics are different. As shown in Figure 18, there are many pore structures on the top face of the retaining ring, which increases its surface roughness. When the retaining ring contacts the sealing hole wall and the bottom surface of the seal groove, the larger roughness summit increases the pore gap on its surface, which increases the risk of leakage.



The surface topography of the retaining ring before and after the experiment is shown in Figure 19. Compared with the original surface topography before the experiment, the shape and surface structure of the retaining ring have shown significant changes, the side face of the retaining has become irregular. It indicates that there is a relative movement between the retaining ring and the rubber ring. The pressure of the working oil was transferred to the retaining ring through the rubber ring, and then the pressure was transferred to the side face of the sealing groove through the retaining ring. There is a high contact pressure between the retaining ring and the rubber ring and the side face of the sealing groove. The wear of the side face of the retaining ring has occurred when the relative motion has occurred between the three parts. The wear phenomenon has appeared at two side faces of the retaining ring, it can be inferred that the retainer ring, the rubber ring, and the side face of the sealing groove may present different relative motion patterns: (1) The retaining ring and the rubber ring have the same motion pattern: The retaining ring and the rubber ring remained stationary under the friction of the sealing hole wall. At this time, the retaining ring has a relative motion to the side wall of the sealing groove, and the wear phenomenon occurred at the side face of the retaining ring closing to the side wall of the sealing groove. (2) The retaining ring and the sealing groove side have the same motion pattern: the rubber ring was driven by the friction of the sealing hole wall to produce a rotating motion, and the retaining ring remained stationary under the static friction force of the sealing groove side wall. At this time, the retaining ring has a relative motion to the rubber ring, the wear phenomenon occurred at the side face of the retainer ring closing to the side face of the rubber ring. These motion patterns may alternate due to the random variation in the contact state of each part. The retaining ring may suffer serious wear at the early stage of service.



The change in the retaining ring cross-section shape before and after the experiment is shown in Figure 20. The rectangular cross-section shape has been worn into a nearly triangular shape. Comparing two different cross-sections of the same retaining ring, it is found that the shape of different cross-sections of the retaining ring is slightly different, which indicates that the wear degree of the retaining ring at different circumferential positions is not the same. The uneven wear of the retaining ring makes the contact condition between the retaining ring and the rubber ring become worse. This will further accelerate the wear rate of the rubber ring. In fact, when the cross-section shape of the retaining ring is worn to the triangle, it has lost its sealing ability. At this time, the rubber ring may be directly squeezed into the gap between the shaft and the hole. Therefore, in the condition of reciprocating rotation movement, the retaining ring is prone to wear and failure in comparison to the rubber ring. When the retaining ring weight loses 40%, it can be considered that the retaining ring has failed.



EDS analysis of the retaining ring surface is shown in Figure 21. Carbon and fluorine are the main elements of the retaining ring. However, EDS analysis shows that these two kinds of elements have different distribution characteristics on the surface of the retaining ring. It can be seen that amounts of carbon elements appeared in some places on the surface of the retaining ring. Compared with the physical picture of the retaining ring, it can be found that black material appeared on the surface of the retaining ring at these positions. Rubber material contains amounts of carbon elements, which indicates that there was a transfer film of rubber material on the surface of the retaining ring. This phenomenon indicates that severe wear occurred between the retaining ring and the rubber ring due to the high-pressure extrusion. Therefore, limiting the relative motion between the rear ring and the rubber ring is an effective way to improve the rubber and plastic combination seal under the reciprocating rotary motion.



The wear state evolution process of the seals is shown in Figure 22. The light-colored parts of the retaining ring and O-ring in Figure 22 are the missing parts of the retaining ring and O-ring due to wear in different periods. The deformation and position of the retaining ring in Figure 22 are only for comparison of the volume change before and after wear. In the actual working process, the rubber ring will maintain contact with other components under the action of oil pressure. The relative movement between the retaining ring and rubber ring occurred in the initial experiment phase, the side face and top face of the retaining ring exhibited stress damage and wear fast under high pressure. The thickness of the retaining ring became thinner and the outline was damaged after this period of wear, as shown in wear state 1. Then, the rubber ring was squeezed into the wear area of the retaining ring. The stress in the squeeze gap of the rubber increased, and under the action of the reciprocating cyclic stress, the rubber ring material was split away and formed a wide wear band.



The surface roughness of the retaining ring increased after being worn, and the rubber ring surface contact with the retaining ring began to exhibit a more obvious wear phenomenon, as shown in wear state 2. Later, with the development of the wear process, the retaining ring appeared significant wear, and its section shape also changed from the original rectangle to a triangle. The rubber ring’s surface contact with the surrounding parts appeared uniform wear with slow speed, and the mass of the rubber ring was further reduced, as shown in wear state 3.





4. Conclusions


In this research, a series of experiments were conducted to investigate friction and wear characteristics of hydraulic reciprocating rotary seals, the specific conclusions are summarized as follows:



(1) During a rotation cycle, the friction torque value first increases rapidly, then stabilizes around a fixed value, and then rapidly decreases to zero. The friction torque increases linearly with the increase in working pressure, increases with the increase in rotation speed, decreases first and then increases with the increase in rotation angle, and the friction power increases with the increase in working pressure, rotation speed, and rotation angle.



(2) The mean value of friction torque shows a fluctuating trend during the long experiment period. When the torque changes abruptly, the friction state of the seals will change. Torque monitoring data and experimental phenomena show that there is a correlation between torque and seal wear rate. When the torque suddenly increased, the seals were in a poor contact state, and the wear rate increased.



(3) The retaining ring and rubber ring show different wear rates, the wear rate of the retaining ring was higher than that of the rubber ring.



(4) Compared with the linear motion seals and one-way rotary seals, the wear condition of the combination seal of the retaining ring and the rubber ring is different under the motion of reciprocating rotation. Under conditions of linear motion and one-way rotary motion, the retaining ring and rubber ring only have serious wear at the contact surface with the motion shaft. The reciprocating rotary seals will wear in addition to the surface contact with the rotating shaft, and serious wear will also occur at the interface between the retaining ring and the rubber ring. In the condition of reciprocating rotational motion, the wear of the retaining ring is more serious than the rubber ring. The wear pattern of the retaining ring was the adhesive wear in the retaining ring surface contacted with the rubber ring surface. Part of the rubber ring will squeeze into the gap between the top and bottom surface of the retaining ring, and this part is the heavily worn part of the rubber ring.



(5) The experiment results show that the combination seal of the retaining ring and rubber ring will produce serious wear under the condition of reciprocating rotation movement. Further work will be required to find the type of dynamic seals suitable for this working condition, such as U-cup seals.
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Figure 1. Friction and wear test system of reciprocating rotary seals. 
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Figure 2. Test chamber diagram. 






Figure 2. Test chamber diagram.
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Figure 3. Rotational speed curve over time. 






Figure 3. Rotational speed curve over time.



[image: Lubricants 11 00385 g003]







[image: Lubricants 11 00385 g004] 





Figure 4. Spectrum analysis of rotational speed. 
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Figure 5. Frictional torque curve over time; (a) pre-compression condition; (b) rated condition. 
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Figure 6. Frictional power curve over time; (a) pre-compression condition; (b) rated condition. 
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Figure 7. The influence curve of working pressure on friction torque. 
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Figure 8. Friction power box diagram at different working pressures. 
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Figure 9. The influence curve of reciprocating frequency on friction torque. 
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Figure 10. Friction power box diagram at different rotation frequencies. 
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Figure 11. The influence of rotational angle on friction torque. 
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Figure 12. Friction power box diagram at different rotation angles. 
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Figure 13. Change of friction torque of sealing components under long time experiment. 
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Figure 14. Variation of component quality over experiment time. 
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Figure 15. Component mass increment over the experiment time. 
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Figure 16. Normal distribution test diagram; (a) retaining ring; (b) retaining ring (without outliers); (c) rubber ring. 
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Figure 17. Wear surface topography of side face of rubber ring; (a) before the experiment; (b) low magnification image; (c) high magnification image at part 1; (d) high magnification image at part 2. 
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Figure 18. Wear surface topography of the top face of the rubber ring. (a) Before the experiment; (b) after the experiment. 
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Figure 19. Wear surface topography of retaining ring. (a) Before the experiment; (b) Side face of the retaining ring; (c) Top face of the retaining ring; (d) Top face of the retaining ring. 
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Figure 20. Surface morphology of retaining ring cross-section. (a) Cross-Section 1; (b) Cross-Section 2. 
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Figure 21. EDS analysis of retaining ring surface. 
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Figure 22. Seal components wear state evolution diagram. 
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Table 1. Main technical parameters of the seal component wear test system.
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Device

	
Parameter

	
Value






	
Air compressor

	
Maximum pressure/MPa

	
0.8




	
Maximum flow rate/(L/min)

	
120




	
Hydraulic pump

	
Pressure range/MPa

	
0~35




	
Flow rate range/(L/min)

	
0~20




	
Rotary cylinder

	
Maximum operating pressure/MPa

	
0.6




	
Angle adjustment range/°

	
0~190




	
Stable swing time range s/90°

	
0.2~1




	
Data collecting/acquisition card

	
Rotational speed measuring range/(r/min)

	
−300~300




	
Rotational speed measurement accuracy/%

	
0.3




	
Torque measuring range/(N·m)

	
−5~5




	
Torque measurement accuracy/%

	
0.3











 





Table 2. Seal size.






Table 2. Seal size.





	Size
	Dhole/mm
	Dshaft/mm
	ddepth/mm
	Lwidth/mm
	Tr/mm
	Hr/mm
	Do/mm





	Value
	17.00
	17.00
	2.90
	5.00
	1.00
	2.90
	3.25










 





Table 3. Rotating shaft size.






Table 3. Rotating shaft size.





	Size
	Lleft/mm
	Lmiddle/mm
	Lright/mm
	Dmiddle/mm





	Value
	62.00
	54.00
	52.00
	28.00










 





Table 4. Friction experiment scheme.
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Experiment

Number

	
Experiment Parameters




	
Working Pressure/MPa

	
Reciprocating Frequency/Hz

	
Rotation Angle/°

	
Sampling Duration/min

	
Experiment Number






	
1

	
0~21 MPa

	
0.5

	
180

	
10

	
3




	
2

	
21 MPa

	
0.1~0.9

	
180

	
10

	
3




	
3

	
21 MPa

	
0.5

	
30~180

	
10

	
3











 





Table 5. Wear experiment scheme.
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	Experiment Parameters
	Working Pressure/MPa
	Reciprocating Frequency/Hz
	Rotation Angle/°
	Wear Measurement Interval/h
	Experiment Number





	Value
	21 MPa
	0.5
	150
	20
	1










 





Table 6. Wear increment normal distribution test.
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	Parts
	Mean Value

μ (g)
	Standard Deviation

σ (g)
	p Value
	Whether Conform to a Normal Distribution





	Retaining ring
	0.0160
	0.0263
	0.1901
	yes



	Retaining ring (without outliers)
	0.0068
	0.0055
	0.6408
	yes



	Rubber ring
	0.0047
	0.0023
	0.9434
	yes
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