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Abstract

:

The effect of the microstructure of siliconized graphite on tribological properties is investigated by using a high-temperature and high-pressure water-lubricated tribometer on a self-mated ring-on-ring configuration under an applied load of 500–1500 N with a spindle speed of 100–5000 rpm in both 90 °C (5 MPa) and 25 °C (1 MPa) water environments, respectively. The Stribeck curves measurement and continuous wear tests are performed and analyzed in both water environments. The wear behaviors of the graphite, SiC, and free-silicon phases in siliconized graphite are demonstrated to explore the wear mechanism. The larger wear depths of a low-worn surface roughness on the three phases contribute to the boundary lubrication. The shallower wear depths are observed on the SiC and Si phases under the mixed lubrication, corresponding to partial contact wear of surface asperities. The wavy surface of the SiC phase and uniform flow-oriented striae of the Si phase are attributed to hydrodynamic lubrication, caused by full water film scouring the worn surface. Finally, an integrated evaluation method of G duty parameters is successfully used to identify the lubrication regimes of siliconized graphite from the boundary, mixed, to hydrodynamic lubrications for a water-lubricated thrust bearing application in the main coolant pump of a nuclear power plant.
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1. Introduction


The water-lubricated thrust bearings in the main coolant pump of a nuclear power plant operate in the coolant of various temperatures and pressures under different lubrication regimes are subjected to extremely high load, high rotation speed, and frequent startup and shutdown conditions [1,2,3], etc. As a core component of the main coolant pump, its friction stability with low wear loss is crucial to the safe and long-term operation of a primary coolant loop. The service life and tribological properties of thrust bearings mainly depend on the friction pair material and operating conditions. Yu et al. [4] reported that the applied load is the main fact affecting lubrication film pressure and the rotational speed has a significant impact on the film temperature with a matching relationship between the load and rotational speed. Huang et al. [5] found that the temperature-induced deformation of friction pairs in water results in aggravated friction and wear for the polymer resin materials when the temperature exceeds 80 °C. Kitaoka et al. [6] conducted a comparison of tribological behaviors of self-mated SiC ceramics experiencing a sliding motion in different temperature and pressure water environments. The wear mechanism of SiC in the water is tribochemical wear, because the hydrothermal oxidation of SiC increases with the temperature. Yin et al. [7] observed that the direct contact of friction pairs vastly increases with speed due to the thermal compression and accumulation effect at the low initial temperature. The friction pair materials of water-lubricated thrust bearings have a significant effect on lubrication regimes from the hydrodynamic one to the mixed lubrication one and, degeneratively, to the wear regime.



Siliconized graphite is primarily used for water-lubricated thrust bearings in the high-loading systems of a primary coolant loop under a loading pressure of up to 0.8 MPa at a water temperature of 70–90 °C [8,9]. Compared with the thrust bearing materials of polymers [10,11], composites [12,13], and ceramics [14,15], etc., the tribological behaviors of siliconized graphite under water lubrication is more complex, due to its multi-phase structure and microstructure. Xia et al. [16] found that the ploughing wear of siliconized graphite is mainly a dry wear mechanism coupled with abrasive and adhesive wear, resulting in a lower wear rate but in a higher coefficient of friction (COF). Subsequently, Xue et al. [17] observed the abrasive wear mechanism of siliconized graphite under boundary lubrication in ambient water. Li et al. [18] compared the two tribological types of siliconized graphite in ambient water and pointed out the content ratio leading to the different wear mechanisms. Yuan et al. [19] found that water lubrication decreases the friction and wear of SiC mainly by the formation of a SiO2 tribo-layer, whereas the graphene lubricant reduces the COF. However, the literature available pertaining to the tribological properties of siliconized graphite in high-temperature and high-pressure water environments for water-lubricated thrust bearing applications is limited. Particularly, the lubrication regime of siliconized graphite needs to be systematically investigated under the startup and shutdown and even extreme operating conditions usually serve in the thrust bearings of the main coolant pump.



In this article, the effect of the microstructure of siliconized graphite on tribological properties is investigated by using a high-temperature and high-pressure water-lubricated tribometer on a self-mated ring-on-ring configuration. Spindle speeds of 100–5000 rpm under the loads of 500–1500 N are implemented in both 90 °C (5 MPa) and 25 °C (1 MPa) pure water environments. The Stribeck curves are measured as the COF values of siliconized graphite rings as a function of spindle speeds during a time period of 600 s under the applied loads. In order to explore the wear mechanisms, the COF pattern, worn surface morphology, and wear depth are analyzed by special wear experiments at a continuous 7200 s duration with the selected spindle speeds under the correspondent loads in the water environments. The wear behavior of the graphite, SiC, and free-silicon phases in the siliconized graphite is demonstrated to explore the lubrication regimes of siliconized graphite. An integrated evaluation method of G duty parameters is proposed to identify the boundary, mixed, and hydrodynamic lubrication transition for the water-lubricated thrust bearings of the main coolant pump in a nuclear power plant.




2. Experimental


2.1. Tribological Experiment in High-Temperature and High-Pressure Water


A modified high-temperature and high-pressure water tribometer is used to investigate the tribological properties in different temperature and pressure water environments. Figure 1 shows the schematic diagram of the high-temperature and high-pressure water tribometer. The ring-on-ring (disc-to-disc) and pin-on-disc configurations of self-leveling devices are, respectively, implemented to ensure full-pair contact under the maximal applied load of 2000 N from the pneumatic loading device, which can simulate a contact pressure of nearly 0.01–4.00 MPa. The maximal water temperature of the tribometer can be adjusted up to 300 °C at the maximal water pressure of 10 MPa by the electric heater. Servo high-speed motor power of 40 kW provides a spindle speed up to 104 rpm, which is equivalent to obtaining an average sliding speed of 50 m/s. The motor drives the spindle to rotate the top specimen ring, and the static bottom specimen ring is lifted by the axial loading of the pneumatic cylinder through the shaft, which is controlled by a force sensor. The non-contact sensors measure and collect friction torque/force data, and the displacement sensors are used for in situ wear depth measurement. All parameters are observed in real time. The no-load torque is initially calibrated with each speed involved in the experiment in the water environment. The friction force is then calculated by subtracting the no-load torque to eliminate the additional torque from other rotating components, such as bearing parts with seal. The computer software with logic control may continuously control all the settings of water temperature and pressure, as well as load and speed parameters. Key components and layout of the modified tribometer are broadly outlined (Figure 1a). In addition to the main part, the tribometer comprises other auxiliary systems like supply gas source, oil station, and water station.



In this work, the system used a ring-on-ring configuration, exposing the friction pairs to sliding conditions at high velocities, high-contact pressure, and controlled environment in the high-temperature and high-pressure water (Figure 1b). The siliconized graphite was prepared by liquid silicon infiltration method in a high-temperature furnace. A round carbon preform disc was packed in a bed of Si powder inside a high-density graphite crucible with a lid. The reaction was carried out at the firing temperature of 1500 °C in a vacuum atmosphere for 1 h. After infiltration, the siliconized graphite was washed by hydrofluoric acid and then machined into friction ring. The sizes of the top and bottom rings were 67 mm and 82 mm in inner diameter, 130 mm and 110 mm in outer diameter, and 10 mm in thickness, with a total contact area of 4220.16 mm2. The siliconized graphite rings were all ground and polished prior to characterization and testing, and flatness was ensured to be less than 0.9 μm.



Two types of experiments were carried out, namely (I) Stribeck curve measurements in high-temperature and high-pressure water and (II) wear tests at high-temperature and high-pressure water-lubricated condition during a long time of 7200 s. The experimental conditions are summarized in Table 1. The high-water temperature of 90 °C at the high-water pressure of 5 MPa was subjected to simulate the service environment of siliconized graphite in thrust bearings in a main coolant pump. The room temperature of 25 °C at pressure of 1 MPa was used as a reference. The corresponding loads and speeds were implemented according to the service condition of thrust bearings. Experimental programs for (I) Stribeck curve measurements included four groups as applied loads of 500 N, 800 N, 1100 N, and 1500 N in 25 °C (1 MPa) and 90 °C (5 MPa) water, respectively. Step-down 11 speed stages were employed from 5000 rpm (which is equivalent to sliding speed of 25.0 m/s) to 100 rpm (0.5 m/s) for a stage duration of 600 s. All Stribeck curves measurements are repeated three times. Experimental programs for (II) wear tests included total of 12 sets for 7200 s in 25 °C (1 MPa) and 90 °C (5 MPa) water with corresponding load and speed. The parameter selection for the experiment (II) was based on the operating conditions corresponding to the maximal and minimal values of COF at different velocities in the Stribeck curves of the experiment (I) with the distinctly different curve feature. To more exactly measure the wear depth, three grooves of 4 × 4 mm with a depth of about 8 μm distributed on the surface of bottom ring were prepared by laser beam machining. The groove depth change was characterized as the worn depth using the average value of the trace scanned by a Surfcorder ET4000A profilometer (Sotokanda Chiyoda-ku, Tokyo, Japan) with the tip curvature radius of 0.5 μm, scanning speed of 0.05 mm/s, and scanning distance of 4 mm. Five trace measurements were carried out on each groove, and a total of 15 values were averaged. The calculation of the in situ COF and steady-state wear depth in experiments (I) and (II) was thus enabled.




2.2. Characterization of Worn Siliconized Graphite Rings


The element and phase distribution of C and Si in worn siliconized graphite rings was measured by a JXA-8530F PLUS (Akishima, Tokyo, Japan) electron probe microanalyzer (EPMA) with energy dispersive spectroscopy (EDS) detector. The worn surface morphology was also observed by scanning electron microscope (SEM). The phase content and structure of siliconized graphite was measured by a PANalytical Empyrean (Enigma Business Park, Malvern, United Kingdom) x-ray diffractometer (XRD), with CuKα radiation using a 2θ angle ranging of 20–100°. The surface profiles of the worn siliconized graphite rings were also detected using a Surfcorder ET4000A profilometer (Sotokanda Chiyoda-ku, Tokyo, Japan). The residual stress on the worn surface of the siliconized graphite rings was measured using the cosα method by μ-X360s’s x-ray residual stress analyzer equipped with a CrKα radiation. The x-ray tube voltage of 30 kV with a current of 1.5 mA, x-ray irradiation time of 15 s, and measurement time of 60 s were employed. The residual stress was analyzed from the 360° omnidirectionally diffracted sample at 125 points around Debye-Scherrer geometry. The radial residual stress around the sliding round was measured by adjusting the x-ray diffraction orientation. The graphite phases at (110) plane, Si at (331), and SiC at (222) diffraction peaks were used to characterize the residual stress, respectively. In total, 12 diffraction measurement points of the three phases were distributed on the worn ring. The nanohardness of the graphite, Si, and SiC phases were measured by NanoIndenter XP™, MTS Systems Corporation (Eden Prairie, MN, USA) using a Berkovich diamond tip. The indentation depth was 2 μm. At least nine valid measurements were made for each phase at a separation distance of 100 μm to obtain statistical results. TEM samples of siliconized graphite ring were prepared by focused ion beam (FIB) with a FEI Helios G4 UX FIB microscope (Waltham, Massachusetts, USA). A layer of platinum was sputtered on an area of interest under electron beam condition, avoiding damage to the sputtered surface by the following gallium ion beam. The TEM samples were observed by a JEOL JEM-2100F field emission electron microscope at an accelerating voltage of 200 keV.





3. Results


3.1. Microstructure of Siliconized Graphite


Figure 2 shows the chemical composition and element distribution of the siliconized graphite. An area of 500 × 500 μm is selected on the surface, where the distribution of C (Figure 2a) and Si (Figure 2b) is obtained. According to the gray levels of the backscattered electron diffraction image (Figure 2c), the feature extraction image is characterized as the phase distribution of siliconized graphite (Figure 2d). It is divided into three main color regions identified by the EPMA technique, namely, green for SiC, blue for graphite, and red for silicon. Photoshop software (Ps 2021) is used to identify the image and split it into 354,008 pixels. Among them, SiC is represented by green and comprises 205,798 pixels, accounting for about 58.1%; graphite by blue and is 79,333 pixels, for about 22.4%; silicon by red and is 35,710 pixels, for about 18.6%. The total recognition pixels are 350841, and the recognition rate is 99.1%.



Figure 3 shows the XRD pattern of the siliconized graphite ring. Four main peaks of β-SiC at 2θ values of 35.6°, 41.3°, 59.9°, and 71.7° correspond to the diffraction peaks of the (111), (200), (220), and (311) crystalline planes of the face-centered cubic lattice [20], respectively. Three main peaks of graphite-2H at 26.4°, 44.3°, and 54.5° corresponding to the diffraction of the (002), (101), and (004) planes of the hexagonal close-packed lattice [21]. Four main peaks of Si at 28.4°, 47.3°, 56.1° and 76.3° correspond to the diffraction of the (111), (220), (311), and (331) planes of the face-centered cubic lattice [22], respectively. The nanohardness of the graphite, Si, and SiC phases are measured as 0.5 ± 0.05 GPa, 12.1 ± 1.60 GPa, and 25.3 ± 3.40 GPa. The hardness gradient in the siliconized graphite leads to the complexity of the high-temperature and high-pressure water-lubricated wear.



Figure 4 shows the bright-field image of the cross-sectional transmission electron microscopy (TEM) of the siliconized graphite with the selected area electron diffraction (SAED) patterns of the Si, SiC, and graphite phases, respectively. The surface of the ground and polished siliconized graphite sample is relatively flat. There are clear interfaces among the three phases in siliconized graphite. The corresponding SAED patterns confirm that the Si and SiC phases present the face-centered cubic structures with the   <  1 ¯  12 >   and   < 011 >   zone axes, respectively. The graphite has a hexagonal close-packed structure with continuously concentric diffraction rings, suggesting poor crystallinity. The formed polycrystalline structure composed of nanocrystalline graphite is attributed to the grinding process for ring preparation [23].



Therefore, siliconized graphite is prepared by the liquid silicon infiltration method with a chemical reaction of carbon and silicon, which are composed of graphite, free silicon, and β-SiC phases. Among them, SiC accounts for about 58.1%, graphite 22.4%, and silicon 18.6%. A higher development of β-SiC and a lower content of residual carbon and free silicon are observed, indicating higher reactant consumption and reaction product conversion for the materials obtained from the liquid silicon infiltration method [24,25].




3.2. Stribeck Curve Measurements


In the series of Stribeck curves measured, the spindle speed adjusts from 5000 to 100 rpm with a time duration of 600 s under the applied loads of 500–1500 N, which corresponds to a sliding speed ranging from 25.0 to 0.5 m/s. Figure 5 shows the COF values of siliconized graphite rings as a function of the step-down spindle speeds during the time stage under each load in 25 °C (1 MPa) and 90 °C (5 MPa) water environments, respectively. It is evident that the COF patterns in every time stage are fluctuated, although the fluctuation amplitudes depend on the applied loads and sliding speed during the time duration of 600 s. A distinct fluctuation peak appears in the step-down moments due to an apparent vibration with speed falling at these stages. The running-in process still exists, even in the last stabler duration of each time stage. The COF values under 500 N in 25 °C water is consistently higher with all spindle speeds, almost always exceeding 0.1. During each time stage with the higher spindle speeds of 5000–1500 rpm before 4800 s, the COF gradually increases. In contrast, the COF gradually decreases with greater fluctuation amplitude after 4800 s with the lower speeds of 1000–100 rpm. The COF under 800 N exhibits a distinct pattern, decreasing with every speed till nearly 5400 s, while the amplitude increases with speed. A lower COF value of 0.04 is achieved at 5400 s under 800 N with 1000 rpm in 25 °C water. The COF under 1100 N has a slight decrease over time, whereas that under 1500 N remains relatively stable with a value of 0.05 from the start until 4800 s and then gradually increases. The COF curve patterns in 90 °C water are similar to those in 25 °C water, but the COF values are lower under the applied loads with speed. The only difference occurs under 1100 N, where COF shows a clear trend of decreasing firstly and then increasing after 5400 s. A lower COF value is obtained as 0.03 at 5400 s under 1100 N with 1000 rpm.



Figure 6 shows the Stribeck curves of siliconized graphite rings as a function of spindle speeds from 5000 to 100 rpm under the applied loads of 500–1500 N in 25 °C and 90 °C water environments, respectively. The Stribeck curves are constructed based on the average COF value of the experimental data from Figure 5a,b. The average values are obtained for the last 300 s in the time stage of 600 s, considering the stabler COF values. For the Stribeck curves in 25 °C water, the COF values are higher at the lower spindle speed of 100 rpm under all loads. Subsequently, there is a trend for the COF to decrease first, followed by a gradual increase with speed. The curve under 500 N exhibits a high COF with all speeds. As the load increases, the COF pattern remains largely consistent with speeds that are less than 1500 rpm. The COF for the curve under 800 N has a steady and linear increase beyond 1500 rpm, while that under 1100 N gradually increases after 3500 rpm. In contrast, the COF values under 1500 N are relatively stable at 0.05 after 1500 rpm. However, the COF of all four curves in 90 °C water is lower than that in 25 °C water under the same loads. The difference in the COF decreases with an increase in the load to 1500 N with a similar trend for speed. Note that the curve pattern under 1100 N in 90 °C (5 MPa) water differs significantly from that of the 25 °C (1 MPa) curve. The COF of the 90 °C curve decreases and then increases with speed, and there is an obvious turning point at 1000 rpm. The COF of the 25 °C curve first rapidly decreases with speed up to 1000 rpm and then hardly changes. Differently in the 25 °C water, the COF of 800 N and 1100 N in 90 °C water with 500–3500 rpm is lower than that of 1500 N. The transition in lubrication regimes may be carried out due to differences in the water environments.




3.3. Wear Tests in 25 °C (1 MPa) and 90 °C (5 MPa) Water Environments


Figure 7 shows the COF of siliconized graphite rings as a function of the duration of 7200 s under the selected applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 25 °C (1 MPa) and 90 °C (5 MPa) water, respectively. For the COF in 25 °C water, there is a running-in process in the initial stage under the lower and higher loads of 500 and 1500 N with 100 rpm, and it then remains stable. The COF change shows typical fluctuation, and the fluctuation amplitude under 500 N is smaller than that under 1500 N. However, a smaller COF of 0.085 with smoother variation exists under 1500 N. As the speed increases to 1000 rpm and 2000 rpm, there is always a tendency toward running-in and then oscillating with regularity. A significant decrease in the average COF value is obtained at 0.04. Nevertheless, this magnitude is considerably less than that of 100 rpm. As the speed increases to 5000 rpm, no running-in process under 500 N and 800 N is detected, and the COF oscillates irregularly within a slightly larger magnitude. The average COF value under 800 N with 5000 rpm is 0.08, which is less than that observed under 500 N with 5000 rpm. The COF change obviously depends on the speed. For all the wear tests in 90 °C water, the COF measured is lower than that in 25 °C water. With 100 rpm, the COF under 500 N and 1500 N shows regular fluctuations. The amplitudes under 500 N are smaller than those under 1500 N. For both curves in 90 °C and 25 °C water, the initial COF in 90 °C water is higher than that in 25 °C, because the stable COF achieved later is basically consistent with that in 90 °C. The average COF under 1500 N is smaller than that under 500 N. As the speed increases to 1000–2000 rpm, a longer running-in process occurs under 800 N. Furthermore, the average COF value of 0.015 in 90 °C water is much lower than that in 25 °C water. Note that the COF patterns under 1100 N are significantly different in 25 °C (1 MPa) and 90 °C (5 MPa) water environments, while the COF with 2000 rpm in 90 °C water is more closely aligned that with 5000 rpm. With a speed of 5000 rpm, the COF in both water environments are similar to the average values in oscillation patterns.



Figure 8 shows the worn surface roughness Ra of siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 25 °C and 90 °C water environments, respectively. The original ring has a surface roughness Ra of 0.028 μm. For all each Ra of siliconized graphite in 25 °C water, the minimal Ra of 0.015 μm is detected under 1500 N with 100 rpm. A maximal Ra of 0.026 μm is obtained with 5000 rpm under 800 N. The Ra change in 90 °C water is similar to that in 25 °C water, but each Ra in 90 °C water is less than or equal to that under the same conditions in 25 °C water. It is larger with 5000 rpm under 500 and 800 N, which is close to the original.



Figure 9 shows the wear depths of siliconized graphite rings for 7200 s duration under the applied loads of 500–1500 N with a spindle speed of 100–5000 rpm in 25 °C and 90 °C water environments, respectively. In general, the wear depth is more sensitive to the spindle speed, as it significantly decreases from 100 to 5000 rpm, in spite of some effects of loads with the lower speed of 100 rpm. Specifically, a maximal wear depth of 0.97 μm is obtained under 1500 N with 100 rpm in 25 °C water. It decreases to 0.65 μm under 500 N with 100 rpm. When the speed increases to 1000 and 2000 rpm under 800 and 1100 N, the wear depth decreases to 0.25 and 0.22 μm, respectively. At 5000 rpm under 500 and 800 N, the wear depth decreases to 0.11–0.14 μm with a lower wear loss, and the effect of the load is limited with higher speed. Similarly, the change in wear depths in 90 °C water is basically consistent with that in 25 °C water, whereas it is slightly higher in 90 °C water except under 1100 N with 2000 rpm. The maximal wear depth of 0.97 μm is identical with 100 rpm under 1500 N in both water environments. The wear depth is 0.71 μm under 500 N with 100 rpm, which is higher by 0.06 μm in 90 °C water. This suggests that water environments have a major influence on the wear behavior with a lower speed of 100 rpm under 500 N, and the influence gradually diminishes or disappears as the load increases to 1500 N. The wear depth is 0.32 μm under 800 N with 1000 rpm in 90 °C water, which is higher by 0.07 μm than that in 25 °C water. However, it is 0.18 μm under 1100 N with 2000 rpm in 90 °C water and lower than that of 0.22 μm in 25 °C water. There is little difference under 500 and 800 N with 5000 rpm in both water environments. The wear depth is between 0.11 and 0.15 μm: there is virtually no wear. Nevertheless, the wear depth in 90 °C water is still 0.01 μm greater than that in 25 °C under the same conditions of 500 and 800 N with 5000 rpm, respectively.



Figure 10 shows the residual stresses of the graphite, Si, and SiC phases on the worn surface of siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 25 °C and 90 °C water, respectively. Residual compressive stress presents itself on the original surfaces of all the C, Si, and SiC phases, which is consistent with that by grinding [26]. The residual stress of C on the worn surface under all conditions is similar to that of the original with an average value of around −4 MPa. For the original siliconized graphite rings, Si has a residual stress of −33.1 MPa and SiC of −49.2 MPa. Considering that SiC accounts for nearly 60% of the overall volume, the findings predominantly outline the stresses in SiC. For the stress in 25 °C water, it increases from −55.2 MPa under 500 N to −70.4 MPa under 1500 N with 100 rpm. Alongside the speed from 100 to 1000–2000 rpm, the residual stress increases by only −70.4 to −80 MPa. However, as the speed reaches 5000 rpm under 500 and 800 N, the residual stress substantially increases to −133 MPa. In 90 °C water, the surface stress of −60.4 MPa is larger than that of −55.2 MPa in 25 °C water under 500 N with 100 rpm. The residual stress of −81.5 MPa under 800 N with 1000 rpm is larger than that of −72.2 MPa in 25 °C water. Additionally, the residual stress of 800 N is comparable to that of 1100 N in 25 °C water, but smaller than that of 1100 N in 90 °C water. In contrast, the stress with 5000 rpm displays an opposing trend, which is larger under both 500 N and 800 N in 25 °C water than that in 90 °C water.



Figure 11 shows the SEM images of the worn surface morphology of siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 25 °C (1 MPa) water environments. Three distinct regions of grayscale are observed as the C, Si, and SiC phases, for the original siliconized graphite ring according to the composition of the siliconized graphite (Figure 11a). The surface morphology of the SiC phase under high-magnification SEM is further imaged, as in the area with the blue frame in Figure 11a (Figure 11b). The porous microstructure of SiC is observed on the surface with most of the pores being micrometer-scale in width. The maximal diameter of pores exceeds 2 μm. The red arrow points to the sliding direction (Figure 11c–h). Some ploughs along with the sliding direction are observed on the C and Si phases and the porous feature on the original SiC phase is partially maintained on the SiC phase under 500 N with 100 rpm (Figure 11c). The pores are mostly covered or filled in by wear debris, leading to decreasing number of pores compared with the original SiC. For the surface morphology under 1500 N with 100 rpm, the entire surfaces are flat with few pores overall, as if it has been polished (Figure 11d). A few distinct ploughs are observed under 800 N with 1000 rpm. There are two types of ploughs: those that pass through all the C, Si, and SiC phases, and those that pass through only the C and Si phases (Figure 11e). Obviously, the ploughs that pass through all the phases are a result of SiC asperities due to its higher hardness, while the other ploughs that pass through only the C and Si phases are also attributed to the Si asperities. Therefore, the ploughs on the SiC phase are fewer and shallower compared to those on the C and Si phases. Unlike the worn surface under 500 and 1500 N with 100 rpm, the surface morphology under 800 with 1000 rpm retains nearly all the features of the original surface except for the obvious ploughs caused by wear debris. The surface morphology under 1100 N with 2000 rpm is similar to that under 800 N with 1000 rpm (Figure 11f). The ploughs are also divided into two types, albeit with a slightly smaller plough density. The worn surfaces are similar to those with 5000 rpm under 500 and 800 N, with no significant change on the C phase (Figure 11g,h), while a wavy surface appears on the SiC phase. Moreover, there are several uniformly flow-oriented striae on the Si phase, which are sparse under 500 and 800 N with 5000 rpm.



Figure 12 shows the SEM images of the worn surface morphology of siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in a 90 °C (5 MPa) water environment. There are also a few ploughs on the C and Si phase under 500 N with 100 rpm [Figure 12a], which are fewer compared to those under 500 N with 100 rpm in 25 °C water. The majority of the pores on the SiC surfaces are no longer observable with only few remaining, resulting in a relatively flat surface overall, suggesting that the worn surfaces experience varying wear degrees under 500 N with 100 rpm in both water environments. In contrast, the worn surfaces are consistent under 1500 N with 100 rpm in both water environments. Compared to the surface under 800 N with 1000 rpm in 25 °C water, the ploughs on the surface are minimal with only slight traces on C and Si in 90 °C water (Figure 12c). The porous features of the SiC surface are basically similar to those of the original. Moreover, the surface under 1100 N with 2000 rpm is almost indistinguishable from that of the original, with no visible indications of wear present (Figure 12d). All worn surfaces with 5000 rpm under 500 and 800 N in both water environments show similar features. In general, no significant change is observed on the C phase, whereas the wavy surface that appeared on the SiC phase varies in extent visually under 500 and 800 N. Markedly, numerous uniformly flow-oriented striae appear on the Si phase, which remain sparse under 500 and 800 N with 5000 rpm in 25 °C water, but they become prominent and dense under 500 and 800 N with 5000 rpm in 90 °C water. The stria density on the Si phase is larger under 800 N with 5000 rpm. High-magnification images of the big and small blue frames in Figure 12f are shown in Figure 12g and h, respectively. After a 7200 s duration under 800 N with 5000 in 90 °C water, the worn surface of the SiC phase exhibits visible cracking (Figure 12g), initiating from a small pore and subsequently propagating downwards, resulting in a lot of forking. This cracking is absent on the other three worn surfaces with 5000 rpm under 500 and 800 N, suggesting that the worn surface is impacted by water temperature, pressure, and load simultaneously. On the other hand, the striae on the Si phase are perfectly aligned with the direction of wear (Figure 12h), appearing straight and densely packed. As there is no contact between the surfaces, it is likely that these striae form due to water film scouring.





4. Discussion


4.1. Lubrication Regimes in High-Temperature and High-Pressure Water


Figure 13 shows the schematic diagrams of the lubrication regimes of siliconized graphite in 25 °C (1 MPa) and 90 °C (5 MPa) water environments, respectively. The lubrication regimes of siliconized graphite are distinguished not only by the Stribeck curves, but also by the worn surface morphology, wear depth, surface roughness, and residual stress during long-term wear tests. In 25 °C water, the boundary lubrication is a low-speed region less than 500 rpm under all the applied loads of 500–1500 N. The low-speed region is more sensitive to loading, as it gradually expands with the load from 500 to 1500 N. The surface asperities between the specimen ring pairs are in direct contact and wear [27]. With loading, the surface contact becomes closer, the indentation depth greater, and wear more severe. The average COF values are close to or even exceed 0.1, which are manifested by the large fluctuation caused by the constant wear between siliconized graphite rings. The amplitude gradually increases, reaching a maximum of 0.045 under 1500 N. The worn surfaces of the C, Si, and SiC phases are similarly smooth with Ra = 0.015 μm, and the porous characteristics of original SiC mostly disappear as if it has been filled in and then polished. The larger wear depth of 0.65–0.97 μm indicates that the main wear mechanism of siliconized graphite under the boundary lubrication is abrasive wear caused by SiC and Si asperities, because, with regard to SiC and Si, the harder phase plays a crucial role relative to the wear depth under solid direct wear conditions. These asperities between surfaces are gradually smoothened out under 1500 N with 100 rpm, resulting in a reduced COF value of 0.8. The graphite particles disperse on the surface acting as a solid lubricant, which can stabilize wear after a stable friction film has formed on the worn surface [28]. However, the Si dispersed on the surface has a limited role in the abrasive wear [18]. The structural characteristics of SiC as the bone along with the self-lubricating graphite particles dispersed on the surface [29] ensure that the siliconized graphite maintains a relatively low wear depth of 0.97 μm compared to that of the other bearing materials [10,11,12,13]. The load is insufficient to completely smooth all the rough asperities within a 7200 s duration under 500 N with 100 rpm, which results in some wear ploughs on the surface, and the wear depth decreases to 0.65 μm, suggesting that the siliconized graphite is currently under boundary lubrication but is transitioning towards mixed lubrication with limited lubrication from water, and the loading is mainly sustained in direct contact.



The mixed lubrication is obtained under a combination of 500–1500 N and 500–5000 rpm conditions in 25 °C water, with different critical speeds corresponding to each load. It is a transition region from the boundary to hydrodynamic lubrication and the load is supported by both water film and solid contact [30]. The average COF value is 0.04 under both the conditions of 800 N with 1000 rpm and 1100 N with 2000 rpm, and the changes in the COF are displayed by a running-in process due to surface asperities at the beginning of wear, followed by a stabilized state of regular fluctuation with smaller amplitude. There is minimal change in the worn surface morphology of each phase with Ra = 0.023 μm, which is mainly reflected in the ploughs on the surface. The ploughs that pass through all the phases are a result of SiC due to its higher hardness, while the other ploughs that only pass through the C and Si phases are attributed to the SiC and Si asperities. In the mixed lubrication state where both water film and solid contact coexist, the solid contact is randomized between surface asperities. Both SiC and Si, which are relatively hard, scratch the surfaces. The residual stress change in SiC and Si is completely consistent, indicating that their tribological properties and functions are similar during wear. The proportion of the load carried by the water film and solid varies under different loads with varying speeds [31]. A thicker water film under 1100 N with 2000 rpm compared to a lower speed of 1000 rpm results in a shallower indentation depth of the rough surface, as well as lighter scratches on the worn surface with fewer ploughs. Although the lubrication provided by water is greater than that of the graphite particles on the worn surface of siliconized graphite, the smaller wear depth of 0.23–0.25 μm is obtained under the combined lubrication of the water and the graphite particles on the siliconized graphite.



The hydrodynamic lubrication is a high-speed region of 2500–5000 rpm under 500–1100 N in 25 °C water, indicating that it is generally easier to achieve with higher speeds. This region exhibits a typical form of a C-curve, with a certain correlation between speeds and loads. The intermediate inflection point is 800 N with 2500 rpm, representing the minimal speed required to achieve hydrodynamics in 25 °C water. The critical speeds under 500 N and 1100 N are 4500 and 4000 rpm, respectively, suggesting that the higher speeds result in the lower effect of the load. Accordingly, the ring pairs are completely separated by a full water film, leading to no wear behavior between the solids [32]. Therefore, although the COF value is the same at 0.1, there is not a solid running-in process, and it fluctuates randomly around an average value throughout. The graphite on the worn surface does not change, whereas SiC exhibits a wavy feature on the surface caused by a tribochemical reaction with water [33,34] and even cracking under the action of oxide stress. The Si surface displays numerous uniformly flow-oriented striae. The density of the striae is very large, which is different from that of the regular solid wear trace. The striae are scoured by the water film over a long time due to viscous shear forces. The residual compressive stress in Si increases due to the water film, whereas in SiC it is a result of both the water film and tribochemical reactions. The wear depth is less than 0.14 μm under 500 and 800 N with 5000 rpm, reflecting the consumption of SiC by the shedding of SiO2 generated by the reaction between SiC and water [33,34].



In 90 °C water, the boundary lubrication region expands when the speed is less than 500 rpm under 500–1500 N, because the viscosity of the water is 2.74 × 10−4 Pa·s, which is an order of magnitude lower than the 1.1 × 10−3 Pa·s in 25 °C (1 MPa) water. The average COF and fluctuation amplitude are similar to those obtained in 25 °C water. The worn surface is smooth and the wear depth under 1500 N with 100 rpm is completely consistent in both water environments, suggesting that the influence of the viscosity change in water is limited under higher loads. However, the wear depth under 500 N with 100 rpm is 0.71 μm, which is deeper than that obtained under the same condition in 25 °C water. The expansion of the boundary lubrication region is directly caused by the decrease in water viscosity, leading to transition delay to the mixed lubrication. Furthermore, the limited lubrication of water deteriorates under 500 N with 100 rpm in 90 °C water. Mixed lubrication occurs under a combination of 500–1500 N and 500–5000 rpm conditions in 90 °C water, with the corresponding critical speed varying under each load. However, the region is significantly reduced to 1500 rpm under 1100 N. The average COF value is reduced to 0.02, with the smaller one of 0.005 under 800 N with 1000 rpm. The worn surface is reflected in surface ploughing, while the density of ploughs is lower with Ra = 0.022 μm, compared to that of those in 25 °C water. This is due to an increase in water film thickness and a decrease in solid contact. The wear depth of 0.32 μm is slightly higher than that of 0.25 μm under 800 N with 1000 rpm in 25 °C water, due to the longer running-in process. Hydrodynamic lubrication occurs at high speeds of 2000–5000 rpm under 500–1100 N in 90 °C water, taking the similar form of a C-curve. The region expands in both directions of the load increase and speed decrease. The minimal speed of hydrodynamics decreases to 2000 rpm under 1100 N, and it also slightly decreases under 500 N and 800 N. The average COF value decreased to 0.08 due to viscosity, but the fluctuation amplitude is almost same under 5000 rpm. The worn surface is mainly reflected in the larger wavy feature of SiC, indicating that the SiC phase is more likely to react in high-temperature and high-pressure water [35], while the wear depth is slightly increased to 0.15 μm and more SiC is consumed under the same conditions.




4.2. Integrated Evaluation by G Duty Parameters


The lubrication regime transitions are distinguished when the COF is plotted versus a G duty parameter, which is expressed [36] as follows:


  G =   μ V Δ r  F   



(1)




where μ is the viscosity of the liquid, V the sliding speed, Δr the friction surface width, and F the applied load. In order to establish the dependence of the tribological properties on the operating conditions, Figure 14 shows the wear depths of the siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 25 °C (1 MPa) and 90 °C (5 MPa) water, as a function of the G duty parameter. Based on the wear depth obtained in the continuous wear tests of a 7200 s duration, a relationship between wear depth and logarithm of G values is summarized.



This can be divided into three linear segments with different slopes relative to the varying G values. The black segment with a slope of −0.53 contributes to the boundary lubrication and is characterized by wear depth under 500 N and 1500 N with the same 100 rpm in both water environments. The wear depth linearly decreases with the G values. The worn surface has the low roughness Ra of about 0.015 μm. The worn surface exhibits typical abrasive wear from SiC and Si asperities. Meanwhile, the COF pattern manifests in stable fluctuation with a larger magnitude due to constant contact between the ring pairs. The blue segment with a slope of −0.18 is attributed to the mixed lubrication. The wear depths gradually decrease with the G values. The worn surface roughness Ra is between 0.022 and 0.025 μm. The worn surface has typical surface ploughing from SiC and Si asperities, because the density of the ploughs decreases with the proportion of the load carried by the full water film. The COF changes correspond to the running-in process due to surface asperities at the beginning of wear, followed by a stabilized state of smaller fluctuation amplitude. The red segment with a slope of −0.06 deserves to characterize the hydrodynamic lubrication by the lower wear depth under 500 and 800 N with the same 5000 rpm in both water environments. The wear depths marginally decrease with the G values. The worn surface roughness is more similar to that of the original siliconized graphite. There is no apparent change in graphite on the worn surface, while the wavy feature of SiC and uniform flow-oriented striae of Si contribute to the hydrodynamic lubrication. The surface morphology is caused by the water film scouring the worn surface. The COF fluctuates randomly around an average value throughout. Note that the wear depth of 0.18 μm obtained under 1100 N with 2000 rpm in 90 °C water in the slope of −0.06 indicates that the lubricated regimes of siliconized graphite are not unique at a G value. Since the lubrication regime is a non-transient transition from the boundary, mixed, to hydrodynamic lubrications, it is possible to correspond simultaneously to boundary and mixed lubrications or mixed and hydrodynamic lubrications within a certain interval of the same G determined by different temperature, pressure, loads, and speeds [16,17,18]. And the exact lubrication regime is figured out by means of sloping segments. The integrated evaluation method manifested as the slope of the wear depths versus the logarithm of G values is used to identify the lubrication regimes from boundary, mixed, to hydrodynamic lubrications for the water-lubricated thrust bearings of the main coolant pump in a nuclear power plant.





5. Conclusions


	(1)

	
The effect of the microstructure of siliconized graphite on the tribological properties is investigated by Stribeck curves and wear tests under an applied load of 500–1500 N with a spindle speed of 100–5000 rpm in both 25 °C (1 MPa) and 90 °C (5 MPa) water environments, respectively.




	(2)

	
The lubrication regimes of self-mated siliconized graphite on a ring-on-ring configuration are characterized by the coefficient of friction, wear depth, and worn morphology with surface roughness and residual stress, which are dependent not only on the applied load and spindle speed but also on the graphite, Si, and SiC phases of siliconized graphite.




	(3)

	
The abrasive wear of SiC and Si asperities together with graphite solid lubrication is attributed to the boundary lubrication. The partially abrasive wear in the thin water film causes the mixed lubrication. The full water film scouring with the wavy feature of SiC and uniform flow-oriented striae of Si contributes to the hydrodynamic lubrication.




	(4)

	
An integrated evaluation method of the G duty parameters as a function of the wear depths with the segment slopes is successfully used to identify the lubrication regimes from boundary, mixed, to hydrodynamic lubrications for the water-lubricated thrust bearings of the main coolant pump in a nuclear power plant.
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Figure 1. Schematic diagram of the high-temperature and high-pressure water-lubricated tribometer. (a) Overall and (b) assembly in chamber. 
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Figure 2. The chemical composition and element distribution of the siliconized graphite. (a) Distribution of C; (b) distribution of Si; (c) backscattered electron diffraction image; and (d) feature extraction image. 
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Figure 3. XRD pattern of the siliconized graphite ring. 
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Figure 4. Bright-field image of the cross-sectional TEM sample of the siliconized graphite and SAED patterns of the Si, SiC, and graphite phases, respectively. 
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Figure 5. COF values of the siliconized graphite rings as a function of the step-down spindle speeds of 5000 rpm to 100 rpm during the time period of 600 s under applied load of 500–1500 N in (a) 25 °C (1 MPa) and (b) 90 °C (5 MPa) water environments, respectively. 
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Figure 6. Stribeck curves of the siliconized graphite rings manifest as COF as a function of the step-down spindle speeds from 5000 rpm to 100 rpm under the applied loads of 500–1500 N in 25 °C (1 MPa) and 90 °C (5 MPa) water, respectively. 
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Figure 7. COF of the siliconized graphite rings as a function of the duration of 7200 s under the selected applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in (a) 25 °C (1 MPa) and (b) 90 °C (5 MPa) water environments, respectively. 
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Figure 8. Surface roughness Ra of the siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 25 °C (1 MPa) and 90 °C (5 MPa) water environments, respectively. 
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Figure 9. Wear depths of the siliconized graphite rings for 7200 s duration under the applied loads of 500–1500 N with a spindle speed of 100–5000 rpm in 25 °C (1 MPa) and 90 °C (5 MPa) water environments, respectively. 
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Figure 10. Residual stresses of (a) C, (b) Si, and (c) SiC phases on the worn siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 25 °C (1 MPa) and 90 °C (5 MPa) water environments, respectively. 






Figure 10. Residual stresses of (a) C, (b) Si, and (c) SiC phases on the worn siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 25 °C (1 MPa) and 90 °C (5 MPa) water environments, respectively.



[image: Lubricants 12 00159 g010]







[image: Lubricants 12 00159 g011] 





Figure 11. SEM images of the worn surface morphology of siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 25 °C (1 MPa) water environments. (a) Original; (b) enlargement of SiC phase from the blue frame in (a); (c) 500 N/100 rpm; (d) 1500 N/100 rpm; (e) 800 N/1000 rpm; (f) 1100 N/2000 rpm; (g) 500 N/5000 rpm; and (h) 800 N/5000 rpm. 
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Figure 12. SEM images of surface morphology of siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 90 °C (5 MPa) water environments as follows: (a) 500 N/100 rpm; (b) 1500 N/100 rpm; (c) 800 N/1000 rpm; (d) 1100 N/2000 rpm; (e) 500 N/5000 rpm; (f) 800 N/5000 rpm; and (g) and (h) show the enlargement of the area by the small and big blue frame in (f), respectively. 
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Figure 13. Schematic diagrams of the lubrication regimes of siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 25 °C (1 MPa) (a) and 90 °C (5 MPa) (b) water environments, respectively. 
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Figure 14. Wear depths of the siliconized graphite rings under the applied loads of 500–1500 N with spindle speeds of 100–5000 rpm in 25 °C (1 MPa) and 90 °C (5 MPa) water environments, as a function of G duty parameter. 
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Table 1. Experimental conditions of high-temperature and high-pressure water-lubricated tribometer.
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Experiment Type

	
Water Environment

	
Applied Load (N)

	
Speed (rpm)

	
Time






	
(I) Stribeck curves in high-temperature and high-pressure water

	
25 °C (1 MPa)

	
500

	
Step-down 5000–100 (25.0–0.5 m/s)

	
A stage

duration of 600 s




	
800




	
1100




	
1500




	
90 °C (5 MPa)

	
500




	
800




	
1100




	
1500




	
(II) Wear for high-temperature and high-pressure water-lubricated tribometer

	
25 °C (1 MPa)

	
500

	
100

	
For 7200 s duration




	
500

	
5000




	
800

	
1000




	
800

	
5000




	
1100

	
2000




	
1500

	
100




	
90 °C (5 MPa)

	
500

	
100




	
500

	
5000




	
800

	
1000




	
800

	
5000




	
1100

	
2000




	
1500

	
100
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