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Abstract

:

Understanding the effects of electrical double layers (EDL) and tribo-induced electric fields on the electroosmotic behaviors of lubricants is important for developing high-performance water-based lubricants. In this study, EDL conductivities of aqueous lubricants containing a surfactant of 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) or cetyltrimethylammonium bromide (CTAB) were analyzed. The interfacial zeta potentials of the synthesized lubricants and Al2O3 ceramic-alloy steel contacts were measured, and frictional potentials of ceramic and steel surfaces were determined using a modified ball-on-disc configuration. The distribution characteristics of the tribo-induced electric field of the ceramic-steel sliding contact were numerically analyzed. The electroosmotic behaviors of the lubricants were investigated using a four-ball configuration. It was found that an EDL and tribo-induced electric field was a crucial enabler in stimulating the electroosmosis of lubricants. Through altering EDL structures, CHAPS enhanced the electroosmosis and penetration of the water-based lubricant, thus resulting in improved lubrication.
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1. Introduction


Water-based lubricants have attracted increasing academic and industrial interest in recent years due to their low-cost and environment-friendly nature [1,2]. They have been successfully applied to hot steel rolling and bearing lubrication [3,4,5]. It has been found that the penetration of water-based lubricants plays a critical role in their lubricating performance [6,7]. Capillary networks at the friction interface are the paths of penetration of lubricants, by which the lubricants can generate lubricating films on the sliding surface to reduce friction and wear [8,9]. Liquid head pressure under the action of the gravity field and capillary pressure caused by surface tension are the main driving forces of conventional capillary penetration [10]. The gradient of liquid surface tension caused by the temperature field makes the lubricant prefer to move away from the areas with the highest temperature [9,11]. Recent studies have proposed a lubricant electrokinetic effect under the electric field within the friction interface (i.e., electroosmosis) [12,13]. The penetrability of lubricants with different electroosmotic characteristics at the friction interface is significantly different [12]. However, in-depth investigations into essential prerequisites for the electroosmosis of lubricants, i.e., the effects of an electrical double layer (EDL) at the solid/liquid interface and a tribo-induced electric field on electroosmosis [14], are currently lacking, which has thus hindered the development of high-performance water-based lubricants.



An EDL is a phenomenon of uneven ion distribution of a liquid phase boundary and bulk caused by interface effects, such as charge transfer and charged particle adsorption [15]. The charged solid surface can attract the equivalent amount of counterions in the liquid bulk to aggregate at the interface, forming a stationary stern layer and a diffuse layer that allows ions to move, as shown in Figure 1. The degree of the uneven distribution of ions is related to the ion concentration in the liquid phase. The lower the ion concentration, the more obvious the uneven distribution, which can be reflected in the difference between the EDL conductivity and the bulk conductivity of the liquid. The adsorption of ionic surfactants on the charged surface can change the structure of the EDL. The electroosmotic velocity and direction can be significantly affected by adding only 10−1 mmol/L surfactant to the base fluid [16,17,18]. Generally, the zeta potential at the shear plane between the two layers reflects the distribution of ions in the EDL [19]. The tangential streaming potential method is a simple and widely used method for measuring the zeta potential [20]. It is worth noting that the contributions to the formation of streaming potential come entirely from the movement of free ions in the diffusion layer [21]. For the interface between an insulating material and the liquid with an extremely low ion concentration, it is important to clarify the EDL conductivity to calculate the zeta potential using the streaming potential. If the liquid bulk conductivity is used for the calculation, the zeta potential will be underestimated. The method of the galvanostatic four-electrodes system combined with electrochemical impedance spectroscopy is usually used to measure the pore conductivity of membranes to obtain information about the membrane structure [22]. The approximate conductivity of the EDL can be calculated when a membrane with a pore diameter closed to the EDL thickness is selected. For the interface between a conductor (e.g., metals) and liquid, a large number of ions will flow through the conductor bulk, and the zeta potential is also easily underestimated. This problem can be effectively solved by measuring the total conductance of the streaming potential measurement cell as a substitute for liquid conductivity [23].



Researchers have shown that triboelectrification can lead to the formation of a high-strength tribo-induced electric field in narrow slits of friction interfaces, which is sufficient to discharge the air in the slits even under boundary lubrication conditions, resulting in an electron avalanche and tribo-plasma phenomena [24,25]. The electrical conductivity of material has a great influence on this electric field. A conductor contains a large number of mobile electrons, and the static surface electricity is easy to dissipate, resulting in a low electric field intensity [26]. Once static electricity is charged on an insulator surface, it is difficult to dissipate, causing a high electric field intensity [27]. The tribo-induced electric field may have a significant effect on the properties of water-based lubricants, such as penetrability and stability [28,29,30]. The electric field distribution at the friction interface can be calculated by Laplace’s equation on the basis of determining the triboelectrification situation of the material [31]. If the electric field intensity within the lubricant penetrated into a capillary is 100–1000 kV/m, the lubricant will penetrate the friction interface by electroosmosis [15,32].



This paper systematically investigates the effects of the EDL and tribo-induced electric field at the interface of alumina ceramic sliding against AISI 52100 steel on the penetration and lubrication of water-based lubricants. The galvanostatic four-electrodes system was established, and the EDL conductivities of dilute lubricants with the highest surfactant CHAPS (or CTAB) concentration of 0.2 mmol/L were measured using the electrochemical impedance spectroscopy. A tangential streaming potential measurement platform was built, and the zeta potentials at friction material/lubricant interfaces were calculated according to the formation principle of the streaming potential. The distribution of the tribo-induced electric field in a capillary at the friction interface was studied by numerical simulation. Finally, the tribological behaviors of lubricants at the ceramic-steel interface were investigated using the four-ball tribometer. The penetrability of lubricants was evaluated by elemental analysis of worn surfaces. The electroosmotic mechanism of lubricants with different electroosmotic characteristics at the ceramic-steel interface was revealed.




2. Experimental Details


2.1. Preparation of Water-Based Lubricants


Potassium chloride (KCl, AR Grade, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was added into deionized water to prepare KCl solutions with concentrations of 0.00001–1 mol/L for investigating the influence of ion concentration on the difference of the solution bulk conductivity and EDL conductivity. To avoid the interference of conventional additives, such as rust inhibitors and extreme pressure agents, the lubricants used in this study were only composed of pure water and a surfactant, 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS, Biotech Grade, 98%, Shanghai Macklin Biochemical Co., Ltd., Shanghai, China) or cetyltrimethylammonium bromide (CTAB, Biotech Grade, 99%, Shanghai Macklin Biochemical Co., Ltd., Shanghai, China). The concentrations of CHAPS (or CTAB) were 0.0125, 0.05, 0.1 and 0.2 mmol/L. A drop weight method was used to measure the surface tension of the synthesized lubricants. Their wetting angle on the alumina ceramic and AISI 52100 steel surfaces was measured using a goniometry method [33,34]. The effects of CHAPS and CTAB on the capillary penetration of the lubricants were then analyzed.




2.2. Measurement of EDL Conductivity and Zeta Potential


The EDL is a phenomenon in which the net charge concentration near the solid/liquid interface is much higher than the liquid phase bulk, as shown in Figure 1. If the solid phase is an annular structure (such as pores in a membrane) and the intracavity diameter is about twice larger than the EDL thickness, it can be considered that the intracavity ions are distributed in the EDL structure; that is, the intracavity liquid conductivity is approximate to the EDL conductivity. The EDL thicknesses of different liquids were firstly calculated with the Poisson–Boltzmann equation. In this paper, the liquid EDL thicknesses are within 50 nm. To avoid the overlap of the EDLs in a membrane pore, the alumina ceramic flat membrane with a pore diameter of about 100 nm was selected for the measurement. The measuring liquid was then pumped through the ceramic membrane for 30 min. Next, the membrane was soaked in this liquid for 24 h to ensure that all pores were filled with the liquid. The membrane resistance was measured using electrochemical impedance spectroscopy on the galvanostatic four-electrodes system to calculate the liquid conductivity within a pore, i.e., the approximate conductivity of the EDL (the deduction details are presented in Appendix A), as shown in Figure 2a. The resistance measurement was carried out in the cell with a membrane immersed in the measuring liquid and the cell with a lone liquid, respectively, to obtain the total resistance of the liquid and membrane (Rm + Rsol) and the resistance of the liquid (Rsol). The membrane resistance Rm can be obtained by subtracting the two values. The dimension “D” in Figure 2a was the distance between the two voltage electrodes when the membrane was immersed in the cell, and “d” was the membrane thickness. In addition, the liquid bulk conductivities were measured using a model DDS-307A conductivity meter.



Figure 2b presents the schematic illustration of the tangential streaming potential measurement platform. During the test, the measuring lubricant was circularly forced through the measurement cell under the drive of a pump. The slit channel within the cell consisted of two alumina ceramic (or AISI 52100 steel) slices, and its dimensions were 160 × 10 × 0.3 mm. The hydrodynamic pressure difference ∆P between the two sides of the channel was regulated by a pressure regulator, which increased from 0.02 to 0.1 Mpa. An Agilent 34420A voltmeter was used to measure the potential difference between the upstream and downstream under different ∆P, i.e., streaming potential Es. The zeta potential at the material/lubricant interface was calculated with the values of Es/∆P of the lubricant on the ceramic and steel surfaces obtained from linear regression (details are shown in Appendix B).




2.3. Analysis of Tribo-Induced Electric Field


A W1 three-dimensional optical profilometer (CHOTEST Instrument Co., Ltd., Shenzhen, China) was used to analyze the worn surface morphologies of the ceramic and steel balls lubricated by water. The geometric parameters of the surface profile were used as the basis for establishing the capillary model at the friction interface. A ball-on-disc material friction device was developed to explore the tribo-electrification between ceramic and steel, as shown in Figure 3. The diameters of the ball and disc were 6 and 75 mm, respectively. The friction load was 1 N, and the sliding velocity was 157 mm/s. Once the disc slipped out of the friction zone, its potential was detected by an EST102 electrometer placed 10 mm above the disc surface. The triboelectrification characteristics of the ceramic (or the steel) were obtained by switching the paired combinations of ball/disc materials. According to the capillary model and the ceramic/steel triboelectrification results, the distribution of tribo-induced electric field within the friction interface was simulated and analyzed with the finite element software ANSYS.




2.4. Tribological Tests


The four-ball module of the MMW-1 tribometer was used to investigate the tribological behaviors and penetrability of the lubricants at the ceramic/steel friction interfaces. The pairing mode of one alumina ceramic ball and three AISI 52100 steel balls was adopted. Before the test, the ball pot, lock ring, ceramic and steel balls were cleaned with acetone. Considering the relatively weak load-carrying capacity of water-based lubricants, the test was conducted under a load of 49 N and a rotation speed of 1000 r/min to avoid the seizure of friction pairs [35]. The test was repeated three times for each lubricant, and the duration was 30 min. The wear scar diameters (WSD) were measured using a VW-6000 microscope system (Keyence Co., Ltd., Osaka, Japan). A Sigma HV-01-43 scanning electron microscope (SEM) (Zeiss Co., Ltd., Oberkochen, Germany) equipped with an angle-selective backscattered electron detector (AsB) and an energy-dispersive spectrometer (EDS) was adopted to analyze the element components on the worn surfaces.





3. Results and Discussion


3.1. Electroosmotic Prerequisites


Table 1 presents the bulk conductivities of KCl solutions with different concentrations and the corresponding membrane resistances. The solution EDL conductivities were calculated using Equation (A4), and their proportional relationships (k) with bulk conductivities were obtained and are shown in Figure 4a. The difference between the EDL conductivity and bulk conductivity gradually increases with the decrease in the KCl concentration. The EDL conductivity of water is about 21 times higher than its bulk conductivity. This is attributed to the ion aggregation at the solid/liquid interface induced by the electrostatic force and van der Waals force between ions and solid surface, which forms a completely different ion distribution from solution bulk, i.e., EDL. Moreover, the lower the ion concentration (lower bulk conductivity), the more obvious this phenomenon is, resulting in the EDL conductivity being much higher than the bulk conductivity. As noted in Appendix B, the contribution of generating streaming potential mainly comes from the ion movement within the diffuse layer of the EDL. Therefore, it is of great significance to clarify the EDL conductivities of extremely dilute solutions to characterize zeta potentials at solid/liquid interfaces.



The bulk conductivities of the diluted lubricants prepared in this paper and the corresponding membrane resistances are listed in Table 2. Figure 4b shows the relationships of CHAPS and CTAB concentrations with the EDL conductivity and k. The EDL conductivities of both types of lubricants are higher than their bulk conductivities, and the k of CHAPS lubricants is larger than that of CTAB lubricants. This might be related to the different effect mechanisms of those two surfactants on the EDL, resulting in differences in the ion concentration within the EDL. The EDL conductivities of these two diluted lubricants were therefore used for the subsequent calculation of the zeta potentials at the ceramic/lubricant interfaces.



Figure 5a,b depict the streaming potentials of water and lubricants on the ceramic and steel surfaces under different hydrodynamic pressures. It is seen that the streaming potentials of pure water and CHAPS lubricants on both surfaces are negative, and the amplitudes increase linearly with the increase in the pressure, indicating that the ceramic and steel surfaces are negatively charged in those liquids. However, CTAB lubricants show positive potential, suggesting that CTAB can change the charge characteristics of the two materials in liquids, and the surfaces are positively charged. In addition, due to the excellent electrical conductivity of the steel, some of the ions accumulated downstream flow back through the material bulk, exhibiting lower streaming potential amplitudes than ceramics. These two material surfaces can be charged by the effects of charge transfer and ion adsorption at the solid/liquid interface. The surface charges can attract the counter ions of the lubricant bulk to form an EDL, one of the electroosmotic prerequisites.



The relationships between the streaming potentials and the hydrodynamic pressures, Es/ΔP, were obtained by linear regression, and the zeta potentials at the ceramic/lubricant and steel/lubricant interfaces were calculated using Equations (A12) and (A15), respectively, as shown in Figure 5c,d. With the increase in CHAPS (or CTAB) concentration, the zeta potentials of the two materials show the same change trend: CHAPS does not change the polarity of the zeta potential, while CTAB can change that with the concentration of only 0.0125 mmol/L. Increasing the concentrations of both surfactants can increase the zeta potential amplitude. It is well known from the Helmholtz–Smoluchowski equation that the polarity and amplitude of the zeta potential affect the direction and velocity of electroosmosis, respectively, as shown below,


   v  e o   = −    ε r  ⋅  ε 0  ⋅ ζ  η  ⋅ E ,  



(1)




where veo is the velocity of electroosmosis, εr is the liquid permittivity, ε0 is the permittivity of free space, ζ is the Zeta potential, and E is the applied electric field intensity [15]. This indicates that the CHAPS (or CTAB) concentration possesses an important effect on the electroosmotic properties of lubricants. Furthermore, it can be found from Figure 5c,d that the zeta potentials of ceramics are higher than those of steels, indicating that the charging ability of ceramics in lubricants is stronger than that of steels.



Figure 6a,b present the profile curves of the ceramic and steel worn surfaces. It is shown that there are peaks and valleys on the ceramic surface, and the maximal vertical spacings between peaks and valleys are about 0.5 μm. Compared with the ceramic surface, the steel surface profile is smoother, with the largest vertical spacings of about 0.08 μm. The surface roughness of the worn ceramic and steel balls is summarized in Table 3. Referring to the above profile features and roughness information of the ceramic and steel worn surfaces, the geometric model of the lubricant penetrating a capillary at the friction interface was established for simulation analysis of the tribo-induced electric field shown in Figure 6d. Since the capillary is thought to be formed by the peaks of the harder ceramic surface ploughing the softer steel surface, the Rz (maximum height of profile) of the worn ceramic surface is used to define the capillary thickness. The 2Ra (arithmetical mean deviation of the profile) and Rsm (average width of profile unit) of the ceramic and steel surface are used to define the heights and widths of the bulges of the two materials’ walls within the capillary. The specific parameters are shown in Figure 6d.



Figure 6c presents the triboelectrification electrostatic potentials of the worn surfaces of the ceramic sliding against the steel. The potential of the ceramic surface reduces continuously with the increase in friction time and reaches a steady status after 60 s. The averaged potential after stabilization is −3.53 V. This is because the alumina ceramic is ranked after most metals in the triboelectric series, which is negatively charged when rubbed with a metal [36]. Due to the excellent electrical conductivity of the steel, the surface charges are easy to dissipate into the bulk [26], showing a weak positive potential. The average potential within 5 min was 0.04 V.



Laplace’s equation was used to describe the electric field distribution within the capillary to explore the effect of the electric field generated by the material triboelectrification on the lubricant penetration behavior at the ceramic/steel interface. According to the results of triboelectrification between the ceramic and steel, high potentials were loaded on the capillary wall bulges that were not submerged by the lubricant, which was −3.53 and 0.04 V, respectively. The lubricant was loaded with zero potential because it was placed in the grounding ball pot. The simulation results are displayed in Figure 7. Figure 7a depicts the potential distribution within the capillary. The potential in the lubricant gradually increases from the capillary inside to the outside, indicating that the electric field direction within the lubricant points to the inner end of the capillary. Figure 7b shows the electric field intensity values at the capillary center. It is seen that due to the periodic distribution of the micro-bulges on the capillary walls, the electric field intensity within the capillary inner end fluctuates around 8 × 104 V/cm, which is sufficient to induce gas discharge. This is close to the results observed in Nakayama’s experiments [37], indicating the rationality of the finite element model used in this paper. Due to the higher dielectric constant of the lubricant compared to the air, a sudden drop in electric field intensity occurs at the interface of gas and liquid when it decreases from the inside to the outside. In addition, the electric field intensities within the lubricant are about 300–600 V/cm, meeting the strength condition for inducing the lubricant electroosmosis [15,38].




3.2. Tribological Behaviors


The effects of surfactant concentration on the tribological performance of the lubricants are shown in Figure 8. The coefficient of friction (COF) and WSD gradually decreased with the increase in CHAPS concentration but increased when CTAB was used. The COF and WSD of 0.2 mmol/L CHAPS lubricant were 12.5% and 6.8% lower than water, whereas 0.2 mmol/L CTAB lubricant produced 15.5% and 6.2% increases, respectively. The difference in tribological performance might be related to the penetrability of the lubricants and the lubricity of the surfactants.



Figure 9 shows the SEM-AsB images of the worn surface and the corresponding EDS results. Sparse dark areas are observed on the steel worn surface produced using pure water. The corresponding EDS mapping detected high O content in those areas, suggesting that a lubricating film of oxides was likely formed due to the tribochemical reaction between the steel and water [39]. Figure 9b,c show that as the CHAPS concentration increased, more surface areas were oxidized, and O content increased to 6.32 wt.%. This indicates that the lubricant penetrability was improved by increasing the CHAPS concentration. As shown in Figure 9d,e, the worn surfaces lubricated by the 0.2 mmol/L CTAB lubricant present no significant oxide films, and the O content is only 0.55 wt.%. This suggests that the penetrability of the lubricant decreases with increasing CTAB concentration. In addition, a small quantity of S and Br exist on the worn surface, with the contents of 0–0.11 wt.% and 0–0.19 wt.%, respectively. According to the molecular structures of CHAPS and CTAB, element S is derived from the sulfonic group in CHAPS, and element Br is from the bromine ion in CTAB. The result suggests that only a small quantity of CHAPS and CTAB participated in the lubrication during the friction. The lubricity of surfactants possesses a little effect on the anti-friction and anti-wear properties of the lubricants. The difference in the tribological performance between the two lubricants is thus mainly caused by the penetrability at the friction interface.




3.3. Mechanism Discussion


Figure 10a,b exhibit the contact angles of lubricants on ceramic and steel surfaces. The increase in surfactant concentrations leads to a reduction in contact angle for both CHAPS and CTAB lubricants. The contact angles of the 0.2 mmol/L CHAPS on the ceramic and steel surfaces were 5.6% and 4.1% lower compared with water, respectively. However, the contact angles produced using the 0.2 mmol/L CTAB were 9.3% and 7.8% lower than those of water. Figure 10c shows the effects of the surfactants on the lubricant surface tension. The surface tension of the lubricant decreases continuously with increasing CHAPS or CTAB concentration. When the surfactant concentrations increase to 0.2 mmol/L, the surface tension decreases by 9.5% and 13.1%, respectively. This is because the positive adsorptions of CHAPS and CTAB on the liquid surface can reduce the liquid surface tension [40]. It is known from the capillary force equation that the conventional capillary penetration is mainly affected by the liquid surface tension and contact angle, as shown below:


   F  c a p   = 2 π r γ cos θ ,  



(2)




where Fcap is the capillary force, r is the capillary radius, γ is the surface tension, and θ is the contact angle [41]. Assuming that the contributions of the ceramic and steel surfaces to the capillary force are equal and the capillary diameter is 3 μm, the capillary forces of lubricants at the ceramic/steel friction interfaces were calculated, as shown in Figure 10d. It is shown that with the increase in the CHAPS concentration, the capillary force first increases and then decreases, and the variation range is within 4.0%. As the CTAB concentration increases, the capillary force shows an increasing trend, with an increase of 4.5%. The above results are inconsistent with the lubricant penetrations at friction interfaces, indicating that CHAPS and CTAB present little effect on the lubricant conventional capillary penetration and the differences in the penetration behaviors of lubricants are mainly related to their electroosmotic characteristics.



The investigation into the EDL and tribo-induced electric field characteristics shows that the ceramic/steel friction interface has the prerequisites for inducing lubricant electroosmosis. The ceramic and steel surfaces are negatively charged in pure water through the interface effects of the charge transfer and ion adsorption at the solid/liquid interface, attracting the equivalent amount of the counterions in liquid bulk to form the EDL. Free ions in the diffuse layer of the EDL drive liquid molecules to form an electroosmotic flow (EOF) that flows into the capillary under the tribo-induced electric field, as shown in Figure 11a.



Surfactants impact the EOF rate and orientation by dynamically coating the solid surface [42]. As a zwitterionic surfactant, CHAPS can be absorbed on the negatively charged surface through electrostatic interaction between its positive amino group and the surface. Moreover, its negative sulfonic group attracts the cations in liquid bulk, causing an increase in the number of the free ions in the diffuse layer, thereby increasing the electroosmotic velocity [18,43], as shown in Figure 11b. Therefore, adding the appropriate amount of CHAPS can improve the lubricant penetrability at the friction interface, showing a better tribological performance. As a cationic surfactant, CTAB’s positive group is absorbed on the charged surface. With increasing concentration, the surface was first gradually neutralized by forming a CTAB monolayer and then positively charged by forming a CTAB bilayer, as shown in Figure 11c. As a result, the electroosmotic velocity first decreases to zero and then increases in reverse [16,42]. Thus, adding the appropriate amount of CTAB can suppress the penetrability of the lubricant, presenting worse tribological properties.





4. Conclusions


The major conclusions are as follows:




	
The difference between the EDL conductivity and the bulk conductivity of a liquid (λEDL/λ0, k) is sensitive to the change in the ion concentration. The lower the ion concentration, the more obvious the difference. The k of 0.01 mol/L KCl solution is 1.13, while that of pure water is 21.05;



	
Due to the charge transfer and ion adsorption at the solid/liquid interface, the alumina ceramic and AISI 52100 steel surfaces are negatively charged in the prepared lubricants. The charged surface attracts the counterions within the lubricant bulk to form an EDL, one of the electroosmotic prerequisites. Cause of the special molecular structure of surfactants CHAPS and CTAB, their adsorption at the solid/liquid interface changes the EDL structure, showing the different zeta potentials;



	
The triboelectrification electrostatic potential during ceramic/steel friction was measured. The potential of the ceramic surface is −3.53 V, and that of the steel surface is 0.04 V. The distribution characteristics of the tribo-induced electric field within the capillary at the friction interface were analyzed using the numerical simulation method. The results show that the electric field direction in the lubricant is directed to the capillary inner end, and the intensity is maintained at about 300–600 V/cm, which satisfies the strength condition for driving the lubricant electroosmosis;



	
The ceramic/steel friction interface possesses the conditions for inducing the capillary electroosmosis of the lubricant. CHAPS can promote the capillary penetration of the lubricant by improving its electroosmotic properties, presenting satisfactory anti-friction and anti-wear performances. CTAB can reverse the lubricant electroosmosis, thus suppressing its penetrability, showing poor tribological performance.
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Appendix A. Calculation of EDL Conductivity from Membrane Resistance


Assuming that the pores in the membrane are ideal parallel capillaries, the membrane resistance Rm can be considered as the resistance of the parallel circuit of the liquid within pores and the pore walls. Since the liquid resistance is much lower than the pore wall resistance, the relationship between the membrane resistance Rm and the liquid resistance within a pore Rpore is as follows:


   R m  =    R  p o r e    N  ,  



(A1)




where N is the number of the pores within the membrane. The relationship between the conductivity and resistance of the liquid within a pore is shown below:


     λ  p o r e  l     λ  p o r e  h    =    G  p o r e  l     G  p o r e  h    =    R  p o r e  h     R  p o r e  l    ,  



(A2)




where    λ  p o r e  l    is the measuring liquid conductivity within a pore,    λ  p o r e  h    is the conductivity of a high concentration electrolyte solution within a pore (i.e., the liquid conductivity within a pore can be assumed to be equal to its bulk conductivity [44]. 1 mol/L KCl solution is used in this paper),    G  p o r e  l    and    G  p o r e  h    are the pore conductance of the measuring liquid and the high concentration electrolyte solution, and    R  p o r e  l    and    R  p o r e  h    are the pore resistances of these two liquids. Substituting for Equation (A2) from Equation (A1):


   λ  p o r e  l  =    R  p o r e  h     R  p o r e  l    ⋅  λ  p o r e  h  ≈    R m h     R m l    ⋅  λ 0 h  ,  



(A3)




where    R m l    and    R m h    are the membrane resistances when the pores are filled with the measuring liquid and the high concentration electrolyte solution, and    λ 0 h    is the solution bulk conductivity. Since the selected membrane pore size is equivalent to the EDL thickness of the measuring liquid, it can be considered that:


   λ  E D L  l  ≈  λ  p o r e  l  ≈    R m h     R m l    ⋅  λ 0 h  ,  



(A4)




where    λ  E D L  l    is the EDL conductivity of the measuring liquid.




Appendix B. Calculation of Zeta Potential from Streaming Potential


The streaming potential is an electrokinetic effect at the solid/liquid interface, resulting from the relative movement of the EDL under external pressure, as shown in Figure A1. The free ions in the diffuse layer move downstream to form a streaming current, Is:


   I s  =    ∫ 0   h 2       4 w  h     y  v z   ( y )  ρ  ( y )  d y ,  



(A5)




where h and w are the height and width of the slit channel, and vz (y) is the linear velocity of the liquid at a distance y from the axis of the channel, which is given by Hagen–Poiseuille’s equation:


   v z   ( y )  = Δ p    (     (   h 2   )   2  −  y 2   )    2 η l   ,  



(A6)







Since the EDL is a thin region near the solid surface, only the movement of the free ions in the diffuse layer near y = h/2 is important in determining the streaming current [21]. Substituting for Equation (A6) from y = (h/2 − x), hence,


   v z   ( y )  =  v z   (   h /  2 − x    )  = Δ p    (  h x −  x 2   )    2 η l   ≈   Δ p h x   2 η l   ,  



(A7)







Since the channel height is much larger than the EDL thickness, the upper and lower EDLs do not overlap. The ion density within the channel can be described by Poisson’s equation:


     d 2  ψ   d  x 2    = −  ρ ε  ,  



(A8)







Substituting for Equation (A5) from Equations (A7) and (A8):


   I s  = −   ε ζ   η l   w h Δ p ,  



(A9)







The accumulation of ions downstream results in the formation of an electric field, causing a backflow of ions, i.e., a conduction current, Ib. When the channel is composed of insulating materials with low conductivities, the downstream ions only flow back through the liquid phase, Ib is as follows:


   I b  =  I l  =   w h  E s  ⋅  λ 0   l  ,  



(A10)




where Il is the backflow of ions through the liquid phase, l is the channel length, λ0 is the liquid conductivity. Note that when the liquid phase is a dilute solution with an extremely low ion concentration, due to the large difference between the bulk conductivity and the EDL conductivity, the λ0 in Equation (A10) should be replaced by the liquid EDL conductivity λEDL. When the streaming potential, Es, reaches a steady-state,    I s  +  I b  = 0  , hence,


    w h  E s  ⋅  λ  E D L    l  −   ε ζ   η l   w h Δ p = 0 ,  



(A11)






  ζ =    E s    Δ p   ⋅  η ε  ⋅  λ  E D L   ,  



(A12)




where ∆P the is the hydrodynamic pressure difference between the two ends of the channel, η is the liquid viscosity, and ε is the liquid permittivity. When the channel is composed of materials with excellent electrical conductivities, such as metals, a large number of ions flow back through the material bulk; hence,


   I b  =  I l  +  I v  =  E s  ⋅  G t  ,  



(A13)




where Iv is the backflow of ions through the material bulk, Gt is the total conductance within the channel, and so,


   E s  ⋅  G t  −   ε ζ   η l   w h Δ p = 0 ,  



(A14)






  ζ =    E s    Δ p   ⋅  η ε  ⋅  l  w h   ⋅  G t  ,  



(A15)
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Figure A1. (a) Illustration of the slit channel for the calculation of streaming current, Is; (b) pressure drives ions in diffuse layers to generate a streaming current; (c) the accumulation of ions downstream results in streaming potential Es and an ion backflow to generate a back current, Ib; (d) a backflow through the metal bulk. 
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Figure 1. (a) Schematic illustration of EDL produced at a solid-liquid interface and (b) its corresponding potential distribution. 
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Figure 2. Schematic illustrations of (a) galvanostatic four-electrodes system and (b) tangential streaming potential measurement platform. 
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Figure 3. Schematic diagram of triboelectrification electrostatic potential measurement configuration. 
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Figure 4. EDL conductivities of (a) KCl solutions and (b) CHAPS and CTAB lubricants, plotted against concentrations and their relationships with bulk conductivities. 
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Figure 5. The streaming potential of lubricants on (a) ceramic and (b) steel surfaces plotted against pressure values (data in the yellow (or green) area was obtained using lubricants prepared with CTAB (or CHAPS)); Zeta potential of at the (c) ceramic-lubricant and (d) steel-lubricant interfaces, plotted as a function of concentration. 
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Figure 6. Profiles of (a) ceramic and (b) steel worn surfaces, (c) triboelectrification electrostatic potentials of steel and ceramic surfaces, and (d) capillary model of friction interface. 
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Figure 7. Simulation results of the tribo-induced electric field: values of (a) potential and (b) electric field intensities at the capillary center. 
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Figure 8. (a) Coefficient of friction values and (b) wear scar diameters of ceramic/steel friction pairs using different lubricants. 
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Figure 9. SEM-AsB images and EDS analyses of the worn surfaces lubricated by (a) pure water and lubricants with different additive concentrations: (b) 0.05 mmol/L CHAPS, (c) 0.2 mmol/L CHAPS, (d) 0.05 mmol/L CTAB, and (e) 0.2 mmol/L CTAB. 
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Figure 10. Lubricant contact angles on (a) ceramic and (b) steel surfaces. Effects of CHAPS and CATB on (c) lubricant surface tensions and (d) capillary forces at ceramic/steel friction interfaces. 
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Figure 11. Illustrations of (a) pure water EOF and impacts of (b) CHAPS and (c) CTAB on the EOF. Molecular structures of (d) CHAPS and (e) CTAB. 






Figure 11. Illustrations of (a) pure water EOF and impacts of (b) CHAPS and (c) CTAB on the EOF. Molecular structures of (d) CHAPS and (e) CTAB.



[image: Lubricants 10 00111 g011]







[image: Table] 





Table 1. Membrane resistances and bulk conductivities of KCl solutions.
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	C (mmol/L)
	1
	0.1
	0.01
	0.001
	0.0001
	0.00001
	Pure water



	λ0 (μS/cm)
	109,600
	11,080
	1428
	161.6
	22.8
	8.56
	5.26



	Rm (Ω∙cm2)
	0.1
	0.93
	6.8
	24
	51
	89
	99
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Table 2. Membrane resistances and bulk conductivities of lubricants.
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Parameters

	
CHAPS Lubricants

	
CTAB Lubricants






	
Concentration (mmol/L)

	
0.0125

	
0.05

	
0.1

	
0.2

	
0.0125

	
0.05

	
0.1

	
0.2




	
λ0 (μS/cm)

	
5.69

	
5.82

	
8.36

	
11.20

	
7.39

	
11.71

	
17.39

	
24.03




	
Rm (Ω∙cm2)

	
91

	
81

	
68

	
60

	
154

	
84

	
55.8

	
42.3
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Table 3. Roughness Evaluation Parameters of the Ceramic and Steel Worn Surfaces.
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	Worn Surface
	Ra (μm)
	Rz (μm)
	Rsm (μm)





	Alumina ceramic
	0.07
	0.51
	20.05



	AISI 52100 steel
	0.01
	0.08
	5.68
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