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Abstract. 
This paper studies the tribological properties of the ZrO2-coated spherical joint pair of the axial piston pump in a high water-based emulsion medium. Firstly, atmospheric plasma spraying was used to prepare the ZrO2 coating on the surface of the spherical joint pair. Secondly, the tribological characteristics of the steel-steel pair and ceramic-ceramic pair were analyzed by the friction and wear testing machine under the conditions of a high water-based emulsion concentration, load size, and load frequency. White light interference three-dimensional surface profiler and scanning electron microscope were used to analyze the original and worn surfaces of the samples, and then the friction and wear of the different material pairs were discussed. The results show that the friction reduction and wear resistance of the ceramic ball joint are superior to those of the steel ball joint. When the load is 100 N, the frequency is 1 Hz, and the emulsion concentration is 5%, and the friction coefficient and wear loss of the ceramic-ceramic ball joint pair are the lowest. The emulsion concentration and load have great influence on the friction coefficient and wear amount, while the frequency has little influence on them. With increasing concentration of the emulsion, the friction coefficient decreases and tends to be stable, but with increasing of load, the friction coefficient and wear increase. The friction coefficient and wear loss of the ceramic-ceramic ball joint in pure water are 0.25 times higher than those of the steel ball joint under the same working conditions. Therefore, when the concentration of the high water-based emulsion is 5%, 100 N load, 1 Hz frequency, the ceramic-ceramic ball joints display the best friction and wear resistance of the two. The research results provide a theoretical basis for the design, manufacture, and application of the ceramic coating hydraulic components in a high water-based emulsion medium.

1. Introduction
High water-based emulsion boasts good economy, viscosity-temperature performance, rust resistance, and lubricity [1–4]. Therefore, it is widely used in the hydraulic system valve groups of high mining equipment [5–8]. For example, hydraulic power systems, belonging to underground hydraulic supports, shearer, scraper conveyor, and auxiliary equipment, all use high water-based emulsion as their medium [9–12]. Of these, one of the most important systems is the application of the axial piston pump. The ball joint pair consists of a pair of key friction pairs in the axial piston pump, which is composed of a plunger ball head and a slipper ball concave. In practice, the plunger ball head bears all the pressure from the plunger, while also moving relative to the slipper ball concave [13–15]. Therefore, there is of course wear and mechanical efficiency loss in the ball joint pair, which in turn has a great impact on the thickness of the oil film and the tilting of the slipper pair. Moreover, the corrosion resistance of the steel plunger and the steel slipper ball concave in the axial piston pump is relatively weak. After a period of time, the internal wear and corrosion for the pump set that runs frequently are relatively serious, which negatively impacts the internal leakage and performance of the pump [16, 17].
Due to their strength, toughness, wear resistance, high temperature resistance, corrosion resistance, rigidity, nonmagnetic conductivity, and electrical insulation when at normal temperatures, ceramics have been widely used in aerospace, chemical, and biomedical fields, among others in recent years [18–22]. Kaizer et al. [23] investigate the wear behavior of novel graded glass/zirconia materials and their abrasiveness to the antagonist relative to homogeneous zirconia and glass-ceramic. The results show that polished graded zirconia and polished zirconia present little wear and roughness, as well as yielding a reduced antagonist wear. Tang et al. [24] proposed a subregional and multilevel ceramic valve spool (CVS) surface defects algorithm, which improved the accuracy of core damage detection in ceramic valves. Saremi-Yarahmadi et al. [25] used industrially viable dry pressing routes to fabricate high-scale 50 × 50 mm sintered nanostructured zirconia ceramics. Their experimental research suggests using nanostructured zirconia as a potentially robust alternative material for the construction of the internal trim components of petrochemical valves. Li et al. [26, 27] examined the hydrodynamic performances and mass transfer efficiency of a SiC foam monolithic tray. The research results indicate that the hydrodynamics and mass transfer performances of the foam monolithic tray meet the requirements for the mass transfer of elements in the distillation column, which thus has higher operation flexibility and significantly reduces capital costs at the industrial scale. If ceramics are applied to the core and body of the valves in the hydraulic systems of high-scale underground equipment, the mechanical efficiency and service life of the current hydraulic components could be effectively improved.
At present, this new technology has initially realized the manufacture of ceramic valves or the spraying of ceramic materials onto the surface of steel valve spools. In order to spray ceramic coating onto the surfaces of existing steel valve cores, the following methods can be employed: laser cladding technology to prepare high-performance ceramic coating; plasma spraying technology (PS) to prepare ceramic coating; physical vapor deposition technology (PVD) to prepare ceramic coating; chemical vapor deposition technology (CVD) to prepare ceramic coating [28]. Iscan [29] sprayed zirconium oxide (ZrO2) ceramic onto the surface of a piston and valves in order to reduce the heat being rejected from working parts. The test results show that this method achieves good results and reduces pollution from the working parts. Ramkumar et al. [30] used a factorial study to investigate the effects of diesel contaminants and their interaction with tribological properties for the building of steel and ceramic sliding contacts. Vasanth et al. [31, 32] used the uniaxial compaction method to fabricate ceramic disk type microfiltration membranes, with chemical stability tests indicating that these membranes are stable in both acidic and basic media. The ceramic filter membrane can effectively and stably remove impurities in oil wastewater, as well as saving cost. Aengenheister et al. [33] present the concept of the flat slide valve for a proportional 4/3-way valve. The result shows that higher resistance by ceramic materials to abrasive wear further increases the service life of the valves. Furthermore, ceramic materials display lower friction coefficients compared to metallic materials. Gawel et al. [34] carried out oxidation studies at 1173 K under isothermal and thermal shock conditions, which were performed on four different steel valves covered with a 2 μm thick SiC coating. This test revealed that they exhibit greater corrosion resistance than the uncoated steel.
Hydraulic components in highly water-based emulsions are usually made of steel, and ceramics are rarely used. There is little research on the application of ceramic materials in high water-based media, but the wear resistance of ceramics is better than that of steel. The introduction of ceramics can reduce the friction and wear of the ball hinge pair in the axial piston pump, improve its lubrication performance, reduce the amount of wear, reduce the adverse effect of heating on the seal to a certain extent, and reduce internal leakage. However, if the whole axial piston pump is made of ceramic, the manufacturing cost will greatly increase. Therefore, an option is to only make the vulnerable parts of the ball joint pair in high water-based emulsion medium from ceramic materials or simply spray them with ceramic materials to improve the corrosion resistance, friction, and wear performance of the piston pump. This paper provides technical guidance for the design and application of new ceramic valve core hydraulic components with a high water-based emulsion medium.
In summary, the effect that ZrO2 coating has on the tribological properties of the axial piston pump’s ball joint pair was studied. 304 steel and ZrO2 ceramic were, respectively, selected for the plunger head and slipper socket, and friction and wear tester were used to measure the friction coefficient and mass loss of the samples. This study provides technical guidance for the design and application of new ceramic hydraulic components with high water-based emulsion medium.
2. Working Condition Analysis and Experiment Scheme
2.1. Analysis of Force and Oil Film Extrusion Effect of Ball Joint Pair
2.1.1. Solution of Force Between Plunger and Slipper
Figure 1(a) shows the actual picture of the ball hinge pair of the piston pump. Figure 1(b) is the force analysis diagram of slipper and plunger of plunger pump. The plunger is mainly affected by five forces [35]: the force exerted by the slipper on the plunger (which can be decomposed into two mutually perpendicular forces Nsp and Psp at the center of the plunger ball head), the friction force of cylinder block on plunger, the positive pressures R1 and R2 between cylinder block and plunger, the acting force Np of oil on plunger, and the inertial force of plunger (including radial inertial force Ftp and axial inertial force Fgp). It is assumed that the specific pressure between the plunger and the cylinder bore is linearly distributed. In addition to the above forces, there are friction between slipper and plunger at the ball hinge, inertial force of unsteady flow in plunger cavity, hydraulic clamping force caused by plunger taper, and axial hydrodynamic force when flowing along the clearance between plunger and cylinder block. Generally, the values of these forces are extremely low and can be ignored [35]. The analysis of these forces is as follows.(1)Axial thrust of plunger by oil in cylinder bore Npwhere P is the hydrostatic pressure in cylinder bore, Pa; dp is the diameter of plunger, m.(2)Axial inertia force of slipper Fgs and radial inertia force of slipper Fls,where α is the angle between the plunger at any position and the initial oil pressure position, rad;  is the angular velocity of cylinder block, rad/s, ; n is the speed of cylinder block, r/min; ms is the mass of slippers, kg; Rf is the distribution circle radius of plunger, m; γ is the inclined angle of swash plate, rad.where los is the distance from the center of the ball head of the slipper to the center of mass of the slipper, m.(3)Radial inertia force of plunger Flp and axial inertia force of plunger where mp is the mass of plunger, kg.where a is the axial acceleration of plunger, m/s2.(4)The spring force
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(b)
Figure 1: The force analysis diagram of slipper and plunger of plunger pump.


In order to keep the slipper from detaching from the swash plate in the oil suction area, a compression spring must be added. If the spring is added at the end of each plunger, the spring force is a variable in the process of cylinder transmission. The spring force can be expressed as shown in the following equation:where K is the spring stiffness, N/m; x0 precompression value of spring, m.
If a central spring is added in the center of the return disc, the spring force on each plunger is a constant (ignoring the influence of oil film change on the spring). Its value can be expressed aswhere z is the number of plungers.(5)Positive pressure between plunger and cylinder bore R1 and R2
Because the clearance between the plunger and the cylinder block is low, it can be assumed that it is distributed in a triangle. R1 and R2 are, respectively, acted to the center of gravity of the triangle, and the two triangles are similar. The positive pressure between plunger and cylinder bore can be expressed as follows:(6)Normal bearing force of swash plate Fnwhere the relevant parameters in the formula are shown in Figure 1(b).(7)Friction between cylinder wall and plunger F1 and F2where f is the friction coefficient between plunger and cylinder bore wall.
Taking the slipper as the research object, the following equations can be established.
The following results can be obtained by combining formulas (3), (5), (9), and (12).
2.1.2. Squeeze Effect of Oil Film on Ball Joint
A ball head with radius R is arranged in a ball concave, and between the ball head and the ball concave, it is h0, as shown in Figure 2.


	
	
	
	
		
	
	
		
	
		
	
		
	
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
		
	
		
	
	
	
	
	
	
		
	
		
	
	
	
	
		
	
	
		
	

Figure 2: Analysis diagram of squeeze effect of oil film on ball joint.


Due to the extrusion force between them, the eccentricity between the ball head and the ball concave is e. The eccentricity can be expressed as ε = e/h0. The relationship between oil film thickness h at any position and eccentricity can be expressed as [36]
The pressure difference flow rate of the conical microelement passing through the surface of the ball is as follows:
The following expression is obtained by substituting this expression into the above formula.
The extrusion flow through the same conical microelement is as follows:
The two flows are equal, q’ = q, so the following results can be obtained.
The following formula can be obtained by integrating both sides of the above formula.
The following results can be obtained by substituting the boundary condition ,  into the above formula [36].
From this, the following expression of pressure field distribution can be obtained.
The following formula can be obtained by dividing the sphere area.
Or express it as
Further solving, the bearing capacity of oil film extrusion of spherical hinge pair can be expressed as follows:
2.2. Experiment
The main action for the practical application of the axial piston pump’s ball joint pair with high water-based emulsion medium is the frequent reciprocating action between the plunger ball head and the slipper ball concave. The key parameters that determine the degree of friction, wear, and service life are the emulsion concentration, action frequency, and action load, among others. The test adopts the highly integrated multifunctional friction and wear testing machine MFT-5000, which is produced by Rtec instruments. Ball-block contact mode is used to carry out the friction and wear tests in different loads and frequencies, and with a high water-based emulsion concentration. In this test, the ceramic ball acts as the valve core, and the steel block acts as the valve body. The test equipment and process are both shown in Figure 3. The experiments were carried out at room temperature, and the concentrations of the high water-based emulsion were set at 0%, 3%, 5%, 6%, and 8%, respectively. The load was set at 50 N, 100 N, and 200 N, respectively (this is based on the above theoretical analysis and combined with the actual working conditions), the reciprocating distance of the specimen was 6 mm, the frequency was 1 Hz to 5 Hz, respectively, and the wear time was 30 min. The parameters set above are the parameters that may be used in actual working conditions.


	
		
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 3: Test equipment diagram.


The sample consists of two parts: the upper sample is a zirconia ceramic ball or steel ball with a diameter of 6.950 mm, and the lower sample is cuboid zirconia ceramic or a 304 stainless steel rectangular block with a diameter of 30 mm × 15 mm × 4 mm. The ceramic balls used in the experiment were prepared by plating ceramic layer on the surface of steel balls. Dense zirconia coating is formed on the surface of steel ball by means of mature PVD magnetron sputtering coating technology. When the upper steel ball and the lower stainless steel rectangular block are used to simulate the piston pump, the ball hinge pair is made of stainless steel; when the upper ceramic and the lower ceramic rectangular block are used, however, the surface ceramic coating is used to simulate the piston pump ball hinge pair. Before the friction and wear test, the sample was ground to the surface roughness Ra = 0.05 μm, and then the cuboid block was cleaned and dried. The  tested high water-based emulsion is made of HFAE10-5w emulsion oil (as per the emulsion oil used in underground mining areas) and distilled water, which are used as the medium for the hydraulic support’s hydraulic systems in coal mining face. Different concentrations of emulsion are prepared, and the test is carried out after having been left standing for one day.
The emulsion with different concentrations was placed in the fixed seat of the test instrument, and the rectangular block sample was fixed in the fixed seat. During the test, the rectangular block sample and ball sample were always immersed in the high water-based emulsion under the test condition. In this way, it acts in the same way as if the ceramic or steel ball joint pair of the plunger pump was always in the high water-based emulsion during the field application process.
At the end of the test, the wear traces were observed in two and three dimensions by using white light interference three-dimensional surface profiler, and the width and depth of the wear amount were measured. Following this, SEM was used to analyze the wear of the ceramic.
3. Results and Analysis
The emulsion concentration, load and working frequency all have different effects on the friction, wear, and mechanical efficiency of the hydraulic components. The friction and wear law of the ceramic ball hinge pair under different emulsion concentrations, loads, and action frequencies are discussed according to the experimental data from the friction and wear behavior simulation experiment between the ceramic plunger head and slipper ball concave. Then, the best matching condition parameters of the ceramic-ceramic pair are obtained, and the reasonable friction load and wear frequency of the ceramic-ceramic pair are compared with those of the steel-steel pair. If the appropriate emulsion concentration condition is found during this process, the influence of other parameters under this emulsion concentration condition will be analyzed in the follow-up analysis of other factors, so as to finally find the best working conditions. As the friction coefficient fluctuates during the test, the average value of the friction coefficient in 30 minutes is taken for research, so as to intuitively compare the sizes.
3.1. Effect of High Water-Based Emulsion Concentration on Friction and Wear
Figure 4 shows the friction coefficient and wear amount of the steel-steel pair or ceramic-ceramic pair in different concentrations of high water-based emulsion at 1 Hz. As shown in Figure 4(a), as a whole (except for pure water condition), the friction coefficient in the steel-steel pair shows little difference under different concentrations, with the friction coefficient at 5% concentration being its minimum. The friction coefficient for the ceramic-ceramic pair, meanwhile, is generally low, with a minimum difference of 0.009 and a maximum difference of 0.028.
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(b)
Figure 4: Friction coefficient and wear amount of two kinds of materials under different concentrations of high water-based emulsion. (a) Friction coefficient and wear amount of steel-steel pair. (b) Friction coefficient and wear amount of ceramic-ceramic.


The variation of the friction coefficient between steel under 50 N and 100 N loads is summarized in Figure 4(a). Under 50 N load, the friction coefficient of the steel-steel pair first decreases and then tends to stabilize with increasing of high water-based emulsion concentration, after which it increases slightly. The friction coefficient in pure water is the highest, being 0.159, and the friction coefficient in an emulsion concentration of 3% is 0.052, which is the lowest among all the high water-based emulsion concentrations and is reduced by 67% compared with pure water. When the concentration of the emulsion is higher than 3%, the friction coefficient increases slightly with the increase of the concentration. The friction coefficient at 8% is the highest at 0.065, which when compared with the concentration of the emulsion at 3% has increased by 25%, while, compared with that in pure water, it has decreased by 60%. This shows that the friction coefficient in different concentrations of high water-based emulsion changes a little, but it changes far less than in pure water. Under 100 N load, the friction coefficient of steel first decreases and then increases with the increase of high water-based emulsion concentration. The maximum friction coefficient in pure water is 0.28, which is more than 3.7 times that in an emulsion concentration of 5%. When the emulsion concentration increases from 3% to 8%, the friction coefficient first decreases and then tends to stable, after which it increases slightly. When the concentration of the emulsion is 5%, the friction coefficient reaches the minimum of 0.075, while the friction coefficients at 3% and 8% are higher (except for in pure water) at 0.105 and 0.085, respectively, which are about 1.4 times and 1.14 times, respectively, that of the 5% concentration. These results show that the friction coefficient is highest in pure water and lowest at 5%.
Figure 4(b) shows the friction coefficient of a ceramic-ceramic pair. With the increase of a high water-based emulsion concentration, the friction coefficient first decreases and then slightly increases. When comparing the friction coefficient of different emulsion concentrations, it is found that the friction coefficient under the emulsion concentration of 3% and 5% is lower. In addition, the friction coefficient of the ceramic-ceramic pair in different concentrations of high water-based emulsion slightly fluctuates, and the fluctuation value is only about 0.20. By comparing the two friction coefficient curves in Figure 4, it can be seen that the friction coefficient of the ceramic-ceramic pair in pure water is 0.35739, which is 1.28 times that of the steel-steel pair in pure water. When the concentration is 3%∼8%, the friction coefficient of the ceramic-ceramic pair always changes around 0.07, reaching a minimum of 0.06634 at 3%, and a maximum of 0.08389 at 8%, with a difference of 26%. Those results show that the ceramic-ceramic pair has a better antiwear and friction reducing effect in high water-based emulsion. According to the above analysis of the friction coefficient at the 100 N load, the minimum friction coefficient of the steel-steel pair is 0.075, while the minimum friction coefficient of the ceramic-ceramic pair is 0.06634, which is reduced by 0.12 times. The friction coefficient of the ceramic-ceramic pair in pure water is 1.28 times that of the steel-steel pair.
Another curve shown in Figure 4 is the wear rate of the steel-steel pair and ceramic-ceramic pair under different concentrations of high water-based emulsion at 1 Hz. The test instrument cannot directly read the amount of wear, but it can be calculated by an approximate calculation. According to the profile curve of the wear scar, the wear volume can be approximated as a cylinder, and the length of the cylinder is 6 mm. The steel-steel pair’s wear marks can be measured using a white light interference three-dimensional surface profilometer, and in this way, the two-dimensional profile curve of the wear mark section can be obtained. As the white light interference three-dimensional surface profilometer cannot be used to measure the ceramic materials, however, an electron microscope is used to measure the wear marks of the ceramic-ceramic pair, while the depth curve of the wear marks is generated according to the experimental data. Under the 100 N load condition, the different material pairs’ wear variation is analyzed as follows: first, it must be noted that, with the increase of emulsion concentration, the wear loss of the steel-steel pair continuously decreases. The results show that the maximum wear amount in pure water is 57.36 μm mm2; in the range of an emulsion concentration from 3% to 8%, the maximum wear amount is 37.5 μm mm2 when the emulsion concentration is 3%, and when the emulsion concentration is 8%, the minimum wear amount is 20.7 μm mm2; and the wear amount in pure water is 1.53 times that measured in 3%, and 2.77 times that measured in 8%. The wear loss of the ceramics decreases continuously with the increase in concentration of the high water-based emulsion. The wear amount of the ceramic-ceramic pair in pure water is 79.78 μm mm2, which is the highest wear amount and 4.87 times that found in a 3% emulsion concentration. The minimum wear amount in an emulsion concentration of 8%, meanwhile, is only 8.99 μm mm2. When the emulsion concentration is 3%, the maximum friction loss is 16.35 μm mm2, which is more serious than that at other concentrations (from 3% to 8%).
Based on the above analysis of the wear amounts of the steel-steel pair and ceramic-ceramic pair at different concentrations, it is found that the wear amount of the ceramic-ceramic pair in pure water is higher than that of steel, but the wear amount of the ceramic-ceramic pair at different emulsion concentrations is lower than that of the steel-steel pair. The minimum wear amount of the steel-steel pair is 20.7 μm mm2 at 8%, while that of the ceramic-ceramic pair is 8.99 μm mm2 at 8%, which is 56% lower than that of the steel-steel pair. Except in a pure water condition, the maximum wear amount of the steel-steel pair is 37.5 μm mm2, while that of the ceramic-ceramic pair is 16.35 μm mm2, which is 56% lower than that of the steel-steel pair. When considering the three load cases, the wear loss at 5% emulsion concentration at 200 N is lower than that at 8%; the wear loss at 5% emulsion concentration at 50 N and 100 N is similar to that at 8%; and the friction coefficient at 5% is the lowest. Therefore, the steel-steel pair has the best antifriction and wear effect when the emulsion concentration is 5%, which is the reason why 5% emulsion concentration is commonly used in downhole. The results also show that the antiwear effect of the ceramic-ceramic pair is the best at 5%, as the friction coefficient of the ceramic-ceramic pair in the emulsion changes little, but combined with the wear amount and friction coefficient, the antiwear and friction effect are the best when the concentration of high water-based emulsion is 5%.
The results show that the ceramic-ceramic pair’s wear loss is lower than that of the steel-steel pair in a high water-based emulsion medium. If we want to apply the axial piston pump’s ball joint pair to the hydraulic system with a high water-based emulsion medium, then, we can make the vulnerable parts ceramic or have a plated ceramic layer on them. This will greatly reduce the wear of the ball joint pair and the friction coefficient and effectively reduce the internal friction heat of the ball joint pair. Therefore, using the ceramic-ceramic pair in the axial piston pump with high water-based emulsion medium can effectively improve its mechanical efficiency and service life.
Figure 5(a) shows the wear marks of the steel-steel pair under different concentrations of emulsion. The width and depth profile curve of the wear marks were obtained by software, which is convenient to help calculate the wear amount. In order to generate the wear scar depth curve, the ceramic-ceramic pair is based on the test data. Through this, it is found that both the width and depth of the wear scar decrease with the increase in emulsion concentration. In addition, it is found that the depth of the wear mark decreases during friction, because the debris is not pushed out to the outside of the wear mark during friction, but it returns to the wear mark. In turn, the ball presses the debris into the wear mark again, and so the depth of the wear mark decreases. The depth of the ceramic-ceramic pair’s wear scar decreases with the increase in emulsion concentration, but as a whole, the ceramic-ceramic pair shows less wear than the steel-steel pair, which indicates, therefore, that the friction reduction and wear resistance of the ceramic-ceramic pair are strong. The main reason for this is that ceramics belong to covalent bond compounds with high strength and hardness and good rigidity. It is not easy to create deformation, spalling, microcrack, and fatigue fractures during the wear process. The main wear mechanism is abrasive wear and microcutting, while the wear surface is smooth, and the wear of friction pair is low.
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(b)
Figure 5: Wear condition of two kinds of materials under different emulsion concentrations. (a) 2D and 3D morphology of wear marks on steel-steel pairs. (b) Wear depth curve of ceramic-ceramic pair under different emulsion concentration (100 N 1 Hz).


3.2. Effect of Different Loads on Friction and Wear
Based on the above analysis of the friction coefficient and wear amounts of steel-steel and ceramic-ceramic pairs in high water-based emulsion concentration, it is found that the friction coefficient and wear amounts of the steel-steel pair are at their lowest when the concentration is 5%, and the antiwear and friction reducing effect of the ceramic-ceramic pair are at their best when the concentration of emulsion is 5%. Therefore, in the analysis on the influence that load has on the matching of different materials, the emulsion concentration of 5% is selected for discussion. Figure 6 shows the variation of the friction coefficient and wear amounts of the steel-steel pair and ceramic-ceramic pair at 1 Hz. Overall, with the increase of the load, the friction coefficient and wear amount increase continuously and then tend to gradually stabilize.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
	
	
		
			
		
		
			
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
		
			
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 6: Friction coefficient and wear amounts of steel-steel pair and ceramic-ceramic pair under different loads.


As shown in Figure 6, the friction coefficient of the steel-steel pair increases with the increase of the load. The friction coefficient is 0.056 under 50 N load. Because the load is low here, the damage of the lubrication film, which plays the role of lubrication and bearing, is low; with the increase of the load, however, the degree of damage to the effectiveness of the lubrication film will increase, as will the friction coefficient. The friction coefficient under 200 N is 0.090, and the friction coefficient under 500 N is 0.109, increasing by 21% compared with 200 N. It shows that, in a 5% high water-based emulsion, although the friction coefficient increases with the increase of the load, the increase gradually decreases and then tends to stabilize. Therefore, at present, a 5% high water-based emulsion concentration is mostly used in coal mines. The friction coefficient of the ceramic-ceramic pair is less than that of the steel-steel pair (except with 50 N load). The minimum friction coefficient is 0.07459 at 100 N and 1 Hz, which is 0.0004 less than that of the steel-steel pair and shows that the ceramic-ceramic pair is better than the steel-steel pair in wear resistance and friction reduction. Therefore, as the reduction of the friction coefficient will reduce the energy loss in the hydraulic components, as well as improving the mechanical efficiency and service life, the ball joint pair using ceramic-ceramic pair can work longer than the steel-steel pair under a high load.
Under the same concentration but different loads, the wear amount of the ceramic-ceramic pair remains lower than that of the steel-steel pair, and with the increase in load, the difference in wear between them becomes increasingly higher. This shows that the bearing capacity and wear resistance of the ceramic-ceramic pairs are better than those of the steel-steel pairs. At 100 N, 1 Hz, the wear of the steel-steel pair is 25.74 μm mm2, while that of the ceramic-ceramic pair is 10.37 μm mm2, meaning that the wear rate of the ceramic-ceramic pair is 60% lower than that of steel-steel pair. The wear loss is extremely low under 50 N, which is mainly because the lubricating film of the high water-based emulsion is less damaged and can thus form a relatively complete lubricating film, meaning that only a shallow wear mark is formed on the surface of the rectangular block. The wear loss of 100 N, under the condition of 100 N to 500 N, is the lowest, while, with the increase of load, the ceramic-ceramic pair’s increase in wear loss is much lower than that of the steel-steel pair. Based on the above analysis on the friction coefficient and wear amount under different loads, the friction coefficient and wear amount of 100 N are deemed relatively low. Therefore, it is more helpful in reducing friction and consumption when the load of the ceramic ball joint is 100 N.
Figure 7(a) shows the two-dimensional and three-dimensional morphology of the steel-steel pairs’ wear marks under different loads. The calculated values of the wear amount in Figure 7 are all taken from this information. We can intuitively see the shape, width, and depth of the wear scar, and it is clear that the width and depth increase with the increase of the load. Figure 7(b) shows the depth curve of the wear scar under the friction and wear of the ceramic-ceramic pair, from which it is not difficult to see that, with the increase of time, the increase of the depth of the ceramic-ceramic pairs’ wear scar gradually decreases and then tends to stabilize. The change of the depth curve also proves that, in terms of wear resistance and consumption reduction, the ceramic ball joint pair is superior to the steel ball joint pair.
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(b)
Figure 7: Wear condition of two kinds of materials under different loads. (a) 2D morphology of wear marks and 3D morphology of wear marks of steel-steel pairs under different loads. (b) Wear depth curves of ceramic-ceramic pairs under different loads.


3.3. Effect of Frequency on Friction and Wear
Based on the above analysis, the friction and wear of the steel-steel pair and ceramic-ceramic pair under different high water-based emulsion concentration and load are summarized. It can be concluded that the optimal working condition for reducing friction and consumption is the 100 N load, 5% emulsion concentration for the steel-steel pair, and 5% emulsion concentration for the ceramic-ceramic pair. Therefore, in order to compare the friction and wear under different frequencies, the following will be based on these ideal conditions. Reciprocating frequency can represent the motion frequency between the plunger head and slipper ball concave in the axial piston pump, and it can simulate the influence of frequency change on the friction and wear of the ball hinge pair. Figure 8 shows the friction coefficient and wear amounts of the steel-steel pair and ceramic-ceramic pair at different frequencies under 100 N and an emulsion concentration of 5%.


	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
		
	
	
	
	
	
		
	
		
	
		
	
	
	
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 8: Friction coefficient and wear amounts of steel-steel pair and ceramic-ceramic pair under different frequencies.


It can be seen from Figure 8 that, with the increase in frequency, the friction coefficients of the steel-steel pair and ceramic-ceramic pair gradually decrease, but the variation is low and is not more than 0.01. An analysis of the reasons shows that when the frequency is low, the contact surface of the contact pair runs in slowly, and the surface roughness is high, meaning that the friction coefficient is also high; on the other hand, when the frequency is high, the contact surface of the contact pair runs in relatively fast, and the surface roughness is low, so the friction coefficient is reduced. Under the condition of 100 N and a 5% high water-based emulsion, the friction coefficient of the steel-steel pair is 0.075 at 1 Hz, 0.73 at 3 Hz, and 0.07 at 5 Hz, and the frequency has little effect on the friction coefficient. Under the same condition of 100 N and 5% of high water-based emulsion, from 1 Hz to 5 Hz, the friction coefficient of the ceramic-ceramic pair decreases more than that of the steel-steel pair to 0.065 at 5 Hz, which is the minimum. The friction coefficient of the ceramic-ceramic pair is, therefore, lower, being 0.025 less than that of the steel-steel pair. In addition, it can be seen that the ceramic surface is smooth and wear-resistant, which can effectively reduce the friction energy consumption of the piston pump ball joint pair.
By observing the change in wear amount in Figure 8, it can be seen that, with the increase in frequency, the wear amount of the two different material pairs increases, but the increase amplitude is different. When the load frequency changes from 1 Hz to 5 Hz, the steel-steel pair’s wear loss changes from 25.74 μm·mm2 to 33.69 μm·mm2, which is an increase of 31%. The wear loss of the ceramic-ceramic pair, meanwhile, changes from 10.37 μm·mm2 to 21.36 μm mm2, which thus increases 106%. However, the wear amounts shown by the ceramic-ceramic pairs are always lower than those of the steel-steel pairs, which indicates that the wear resistance of the ceramic-ceramic pairs is the better of the two.
Combining the analyses on the friction coefficient and wear amount of the above matching pairs, it can be concluded that, under the same load and high concentration of water-based emulsion, the wear reduction performance of the ceramic-ceramic pair is better at each frequency than that of the steel-steel pair. Furthermore, when considering the wear amount and friction coefficient of the ceramic-ceramic pair, we can see that the friction coefficient changes little with the increase of frequency, meaning that the wear reduction performance of the ceramic-ceramic pair at 1 Hz is the best.
Figure 9(a) shows the two-dimensional and three-dimensional morphology of the wear marks under the different frequencies of the steel-steel pair. Figure 9(b) is the depth curve of the wear marks of the ceramic-ceramic pairs at different frequencies, which can be used to calculate the wear amount. It can be seen from Figure 9 that, with the increase of frequency, the wear scar depth increases for both material pairs; however, the ceramic-ceramic pair’s increase in wear scar depth is not as significant as that of the steel-steel pair.
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(b)
Figure 9: Wear condition of two kinds of materials under different frequencies. (a) 2D morphology of wear marks and 3D morphology of wear marks of steel-steel pairs at different frequencies. (b) Wear scar depth curves of ceramic-ceramic pair at different frequencies.


4. Conclusion
(1)The variation of the friction coefficient for the ceramic-ceramic pair and steel-steel pair with the concentration of high water-based emulsion, load, and frequency was studied. The results show that the friction coefficient of the ceramic-ceramic pair is significantly lower than that of the steel-steel pair. The effect of emulsion concentration on the friction coefficient of the two different materials is more significant, while the effect of load and frequency on the friction coefficient is relatively low. The friction coefficient in the ceramic-ceramic pair reaches the minimum when the load is 100 N, the frequency is 1 Hz, and the concentration of high water-based emulsion is 3%. The friction coefficient in the steel-steel pair reaches the minimum when the load is 100 N, the frequency is 1 Hz, and the concentration of high water-based emulsion is 5%.(2)With the increase in emulsion concentration, the friction coefficient of the ceramic-ceramic pair gradually decreases and then tends to stabilize at 0.07. The friction coefficient of the steel-steel pair, meanwhile, first decreases and then increases, with its minimum friction coefficient being 0.075 at 5%. The wear loss of the ceramic-ceramic pair is the lowest at 8%, being 8.99 μm mm2.(3)With the increase in load, the friction coefficient and wear increase for both the ceramic-ceramic pair and the steel-steel pair. However, at 100 N, the friction coefficient and wear loss of the ceramic-ceramic pair are lower than those of the steel-steel pair.(4)The above research data show that the friction coefficient and wear amount of a high water-based emulsion ceramic-ceramic pair under different working conditions are lower than those of a steel-steel pair. If ceramic-ceramic pairs are used in the ball joint pair of a piston pump, their performance in reducing consumption and wear is obviously better than that of a steel-steel joint pair.(5)The medium of hydraulic system in underground mining area is high water-based emulsion. Many of the hydraulic valve cores are spherical, such as ball valve, shuttle valve, and one-way valve. Therefore, the above research conclusions can also provide guidance for the manufacture and application of spherical spool hydraulic valve with high water-based emulsion medium.Data Availability
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