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Abstract

:

Polymer materials are used increasingly in marine machinery and equipment; their tribological properties and effect on the water environment have garnered significant attention. We investigate the effect of water or seawater environment containing powder on tribology and electrochemistry of polymer materials. A friction test involving nylon 66 (PA66) and an ultrahigh molecular weight polyethylene (UHMWPE) pin–disc (aluminum alloy) is performed in seawater or water with/without polymer powder, and the solution is analyzed electrochemically. The results show that the tribological properties of the UHMWPE improved by adding the powder to the solution, whereas the PA66 powder demonstrates abrasive wear in a pure water environment, which elucidates that the synergistic effect of powder and seawater on UHMWPE reduces the wear, and the synergistic effect of pure water and powder aggravates the wear. The results of electrochemical experiments show that after adding powder in the friction and wear tests, the powder can protect the pin by forming a physical barrier on the surface and reducing corrosion, and the changes are more obvious in seawater with powder in it. Through electrochemical and tribological experiments, the synergistic effect of solution environment and powder was proved.
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1. Introduction


Owing to the depletion of land resources and the gradual discovery of marine resources in recent years, ocean exploration has increased worldwide [1,2,3,4]. Additionally, the development of sea-related mechanical materials and equipment has garnered increasing attention [5,6]. Polymers and their composite materials are widely used in seals, piston rings, valves, lubricating bearings, and bearing retainers for sea-related equipment, owing to their superior properties [7,8]. In particular, polymers and their composites have proven to be promising seawater-lubricated materials because of their excellent corrosion resistance, low friction, and high wear resistance under seawater lubrication [9,10,11,12,13].



The friction and wear processes of polymers in water environments have been investigated extensively [3,14,15]. Some studies have focused on the effects of pressure, running speed, marine environment, and other factors on the tribological properties of polymers [16,17,18]. Liu [13] investigated the relationship between hydrostatic pressure and the wear behavior of thermoplastic polymers sliding in seawater. It was demonstrated that an increase in the hydrostatic pressure increased the wear rate of the polymer. Some researchers have investigated the effects of salinity and particle concentration on friction and corrosion using electrochemical methods. Chen et al. discovered that the corrosion rate of Inconel 625 alloy was the highest in 3% seawater owing to the synergistic effect between salinity and dissolved oxygen [19]. Although studies have shown that the friction between polymers and steel in NaCl solution produces rust, the role of wear debris in the friction and wear process has not been investigated [20]. A few researchers improved the corrosion resistance and wear resistance of surfaces via coating. Ye investigated the effect of epoxy resin content in a coating on performance improvement and discovered that 0.5 wt% graphene oxide/epoxy specimen displayed better lubrication properties than other groups [21]. Polymer materials can be used to fabricate artificial joints. Therefore, some researchers have investigated the wear mechanism, wear state, and other properties of polymer materials by analyzing the existing state, particle size distribution, and agglomeration of debris accumulated in the lubricating fluid; however, this approach has not been applied to mechanical research [22]. Debris is an important friction product, which cannot disperse and participate in physical and chemical reactions in the atmospheric environment as well as in the solution environment. Studies regarding debris in water environments are scarce, and most of them do not associate debris with tribological properties and its effect on the solution [22,23,24].



Hence, this study was performed to determine the effects of debris from friction and wear tests on water and seawater environments. Because it is difficult to make a large amount of debris, we use powder instead of grinding chips for preliminary study. In electrochemical experiments, the similarity can be confirmed. In this study, a friction test involving a pin (PA66, UHMWPE) and a disc (aluminum alloy) was performed in seawater or a pure aqueous solution containing polymer powder in order to simulate equipment such as water-lubricated bearings. After performing the friction tests, scanning electron microscopy (SEM) and confocal scanning optical microscopy were performed to investigate the wear mechanism of the polymer in an aqueous environment with wear debris, and the three-dimensional surface topography of the wear scar was characterized to obtain its width and depth. The findings of this empirical study will provide insights into the mechanism of polymer wear debris in seawater and water environments, thereby enriching the tribological theory of polymers.




2. Materials and Methods


2.1. Friction and Wear Tests


PA66 bars (Dong Xing Plastic Factory, Wuxi, China) and UHMWPE bars (Cheng da insulating plastic factory, Suzhou, China) were processed into pins measuring 8 mm × 20 mm; their properties are listed in Table 1. The flatness of pins and discs was 0.03 mm, the parallelism was 0.03 mm, the dimensional tolerance was 0.04 mm, and the processing method was lathe machining. Aluminum alloy is one of the most widely used non-ferrous metal structural materials in the industry. It offers good corrosion resistance and has been widely used in aviation, aerospace, automobile, machinery manufacturing, shipbuilding, and chemical industries. Therefore, aluminum alloy 1a90 was selected as the friction pair material, and the chemical composition of aluminum 1a90 is shown in Table 2. Aluminum plates with a thickness of 10 mm and a diameter of 50 mm were used in the friction pair, and these 1A90 discs were polished to a surface roughness in the range of Ra 0.2 μm and Ra 0.35 μm. An aluminum disc/UHMWPE (pin) friction pair and an aluminum disc/PA66 (pin) friction pair were used to perform friction and wear experiments. A contact schematic diagram of the frictional couple is shown in Figure 1. The processing method of powder was liquid nitrogen crushing, the particle size of the powder was 150 mesh (0.1 mm), and the concentration of the polymer powder was 8 g/L; the powder was dispersed in the solution in the form of agglomeration. The seawater used in the experiment was simulated seawater composed of coral salt, the element composition of which is presented in Table 3. As shown in Figure 1, to obtain the surface in full contact, the disc was fixed on the spindle and rotated at a speed of 1000 r/min. The pin was fixed on the fixture, and the positive force exerted by the lever was 30 N, with a rotation radius of 21 mm. The environment temperature was 25 °C, and the friction test was conducted for 3600 s.



After alcohol cleaning and drying, the surface morphology and roughness after friction were scanned and analyzed using a Micromeasure2 confocal scanning optical microscope (Sciences et Techniques Industrielles de la Lumière, Aix en Provence, France). The scanning area was 3 mm × 3 mm, and the step size was 20 μm × 20 μm. After ultrasonic acetone cleaning and drying, the samples were sprayed with gold, and the micromorphology of the friction surface was observed and analyzed using SEM.




2.2. Electrochemical Experimental Parameters


The test instrument used in the experiment was a Princeton electrochemical workstation (Partstat 2273, Ametek, Berwyn, PA, USA). The tests were conducted in a conventional three-electrode cell; a Pt plate and a saturated calomel electrode were employed as the counter electrode and reference electrode, respectively. Blocks measuring 10 mm × 10 mm × 3 mm were used as the operating electrodes. They were embedded in a Teflon holder to expose an area measuring 1 cm2 to the solution. Prior to the test, each sample was sanded using 1000-mesh sandpaper and cleaned with alcohol, and the scanning rate was 0.5 mv/s. Subsequently, the self-corrosion potential, polarization, and curve were measured. When measuring the self-corrosion potential, the scanning frequency was set within 10 kHz–100 MHz.





3. Results


3.1. Effect of Powder on Friction and Wear


The wear amount of polymer pins was measured by confocal scanning optical microscopy. As shown in Figure 2, compared with the specimen in the solution without powder, the wear amount of the UHWMPE pin in the solution with powder was lower. The experiments in Figure 2 were repeated three times. Despite the effect of water absorption, the amount of wear reduced significantly after the powder was added to the solution. In addition, the abrasion loss of the UHMWPE in seawater was significantly lower than that in water, which is because the corrosion products of seawater play a role in protecting the surface. Figure 3 shows the change in the friction coefficient with time when the UHMWPE sample was tested on the disc friction and wear tester. It is evident that in the seawater and pure water environments, adding UHMWPE powder makes the friction coefficient of the material comparatively lower. After adding powder into pure water, the average wear amount decreased from 0.57045 to 0.3269 mm3. After adding powder into seawater, the average wear amount decreased from 0.27435 to 0.1963 mm3. The three-dimensional topography presented in Figure 4 shows that the wear mark on the pin surface was lighter in the seawater and the water containing powder. The roughness in Figure 4 was measured and listed in Table 4. It can be seen that the roughness becomes smaller after adding powder.



Figure 5 shows surface micrographs at 500× magnification obtained via SEM for UHMWPE specimens after the friction and wear tests. As shown, in the water environment, the surface of the UHMWPE specimen exhibited significant abrasive wear, and the width of the wear scar was similar to the particle size of the powder. By contrast, in other groups, indications of abrasive wear were absent, but lighter or heavier furrows were observed. Some other researchers also discovered that when UHMWPE was rubbed against steel, its molecular chains became dissociated and free radicals chelated with the counter face [25,26].



In order to verify the conjecture, the powder adheres to the surface, the content of carbon and oxygen in the wear scar of the aluminum disc was detected and compared with that on the aluminum disc without experiment. Compared with Figure 6 and Table 5, it can be seen that after adding the powder, the powder obviously adheres to the disc, and the carbon content at the wear mark increases evidently.



To further confirm the viewpoint that the powder adheres to the friction surface, the infrared spectrum of the aluminum plate was investigated, and the results are shown in Figure 7. Compared with the typical Poly tetra fluoroethylene (PTFE) peaks at 2919 and 2854 cm−1 in the C–H region of the raw composite, two clear peaks at 2848 and 2922 cm−1 as well as a COO- peak at 1456 cm−1 were observed on the steel surface [25], indicating that the UHMWPE chains were dissociated and underwent a number of reactions generating fluorinated carboxylic acids to chelate with both the steel counterpart and the reinforcing filler [27,28,29]. The infrared spectrum shows that the absorption peak of C–H appeared in the infrared spectra of three aluminum plates matched with UHMWPE, indicating that matter transfer occurred in these experiments. The polymer material was transferred and attached to the aluminum disc during the friction process, thereby reducing the wear of the aluminum disc. However, compared with the strong absorption peaks in other studies [27,28,29,30,31], the intensity of the polymer characteristic peaks on the steel surface measured in this experiment was weak, indicating a relatively small amount of material transfer.



The UHWMPE pin in seawater containing powder was the group that exhibited the least wear in all experiments. Additionally, the white-light Figure shows that the wear mark on the pin surface was the lightest. Some products were clearly shown in the infrared spectrum. These results illustrate that UHWMPE is a suitable material for marine machinery and equipment and that it can yield better tribological properties in seawater.



The friction and wear behaviors of PA66 exhibited different rules. Figure 8 shows that the abrasion loss of the PA66 pin increased after adding powder into the solution, and the average wear amount raised from 1.179 mm3 to 1.8475 mm3 after adding powder into pure water, the average wear amount increased from 0.45235 mm3 to 1.09075 mm3 after adding powder into seawater. Changes in the friction coefficient with time are presented in Figure 9. As shown, after adding powder to the water, the friction reduction performance deteriorated significantly. However, the friction coefficient of the PA66 pin with the addition of the powder was smaller than that in the seawater without powder, which is due to PA66 powder is not easy to adhere to the surface, both abrasive wear and friction film occurred. The lubrication of seawater also reduced the friction coefficient, and powder added in solution increased the wear. Figure 10 illustrates serious abrasive wear of PA66 pin occurred in water environment with powder, which differs from the finding for the UHMWPE pins.



Combining with Figure 10 and Figure 11, it can be seen that serious abrasive wear of PA66 pin occurred in a pure water environment with powder. There are some furrows on the surface of other samples. After adding the powder into the seawater, the wear marks become lighter. This is consistent with the decrease in the friction coefficient. The roughness in Figure 10 was measured and listed in Table 6. It can be seen from Table 6 that the roughness becomes larger after adding powder in the water environment and reduced in the seawater environment.



In order to find out whether the adhesion phenomenon of powder on the surface of the aluminum disc also occurs in the experiment of PA66, we studied the aluminum disc grinded with PA66 pin, and the results are shown in Figure 12 and Table 7. No particles can be detected on the aluminum plate after adding powder in the water environment, but the powder can be detected on the grinding parts in the seawater environment. These results indicate that the powder cannot adhere to the aluminum disc in the water environment but can adhere to the aluminum disc in the seawater environment.



In the infrared spectrum of the aluminum disc matched with PA66 (Figure 13), the typical absorption peak of amide I caused by C=O stretching vibration was observed at 1643 cm−1, and the absorption peak of amide II was caused by N–H stretching vibration appeared at 1535 cm−1. This implies that in the seawater, the powder shielded the friction surface and therefore reduced friction and wear [25,32,33]. The peak was not observed for the sample in water containing powder. This is because PA66 powder does not impose a lubricating effect in water but simulates abrasive wear. Additionally, this result was confirmed by the three-dimensional topography shown in Figure 10.



For PA66, the most severe friction and wear occurred in water containing powder, whereas the least severe occurred in seawater. As shown in Figure 13, compared with the other three solutions, the water containing powder did not yield a friction film, which may be due to the higher hardness of the PA66 powder and the properties of the solution, which renders it difficult to form a friction film on the surface.



After adding powder, the tribological properties of UHMWPE and PA66 show a big difference. UHMWPE powder can enhance the antifriction and wear resistance of the pin, which may be due to the low hardness of UHMWPE powder and better compatibility with the matrix. In this test, the Rockwell hardness of UHMWPE powder is 52, and that of PA66 powder is 108. The hardness of PA66 powder is higher, which is easier to cause abrasive wear rather than forming friction film.



The wear amount of the two materials in seawater is less than that in pure water, indicating that seawater has a good lubrication effect on the two polymer materials. After adding powder, the friction coefficient and wear of the UHMWPE pin decreased, indicating that the powder played an antifriction role. After adding powder, the wear of PA66 increased, and SEM photos also showed obvious scratches. However, compared with the reduction of friction coefficient of the UHMWPE pin after powder addition, the friction coefficient of PA66 pin decreases only when the powder is added to seawater. These results show that the synergistic effects of different powders and solutions are also different.



UHMWPE material has self-lubricating property, while PA66 material does not. Generally speaking, the self-lubricating performance is reflected in the friction process of the base material. The powder cannot disperse and flow in the air as in water. Adding powder to the solution and dispersing the powder in the aqueous solution is equivalent to strengthening the lubrication effect of self-lubricating materials and causing abrasive wear for materials that cannot be self-lubricating. Solution and powder have effects on the friction and wear of materials, respectively, and the solution can be used as the medium for powder dispersion in the environment. This reflects the synergistic effect of powder and solution environment.




3.2. Effect of Powder on Solution Corrosivity


Figure 14 shows that, compared with the solution prior to the friction test, the polarization curves of the PA66 and UHMWPE samples in seawater shifted to the left. Furthermore, a significant difference is indicated between the anode and cathode polarization curves. Before corrosion occurred, the anodic polarization curve was steep, the cathodic polarization curve was short and gentle, and the anode polarization curves were extremely unbalanced. This shows that the copper electrode in the corrosion system exhibited great resistance during anode dissolution and that the passivation film on the copper surface was intact and passivated [34,35,36]. By contrast, the polarization curves of the PA66 and UHMWPE samples in water shifted to the right after the friction test, the polarization region of the anode was narrow, and the stability of the passivation film might not be as stable as that formed in seawater.



As shown in Table 8 and Table 9, in a water and seawater environment, wear debris is generated after friction test, and corrosion current density is reduced, indicating that the conductivity of the solution is reduced [37]. However, this does not apply to pure water experiments. The corrosion current density of pure water is the lowest because it contains almost no salt. However, in pure water solution containing powder, the corrosion current density after the experiment is lower than that before the experiment. In the experiment of adding powder, the decrease in the corrosion current density of the two materials is larger, which illustrates that the addition of the powder and the generation of wear debris in the solution can also protect the electrode. In all experiments, the corrosion current density of PA66 in pure water plus powder environment decreased the least. In addition, the decrease in the corrosion current is more obvious in seawater. The results of electrochemical experiments are consistent with those of tribological experiments, which implies that the improvement of corrosion resistance is positively correlated with the improvement of antifriction performance, and there is a certain relationship between friction and corrosion. In other words, the electrochemical reaction also exists in the friction process.



A few studies have reported the relationship between friction and corrosion and that electrochemical corrosion affects friction and wear mechanisms [3,38,39,40]. The experimental results suggest that the powder and debris on the surface of the friction pair formed a barrier. Compared with PA66, UHMWPE powder demonstrated better self-lubricating performance and reduced friction wear; meanwhile, the PA66 specimen in the water environment demonstrated the least adsorption. Therefore, it exhibited abrasive wear owing to the high hardness after adsorption on the surface. The electrochemical law is similar to the law of friction and wear, indicating that there is a certain interaction between electrochemistry and friction and wear.



The corrosion current density decreased more obviously after adding powder. The powder was dispersed in the solution so that it constitutes both a medium and a reactant; the polymer materials participate in reactions in more than one form. The addition of powder changed the properties of the solution and reduced the conductivity of the solution, especially in seawater because the better lubricating properties of seawater allowed the powder to adhere to the electrode surface and reducing the corrosion current density, which shows the synergistic effect of powder and solution environment.



It can be seen from the previous paper that whether the wear debris can form a friction film and improve the friction and wear resistance of the matrix mainly has two factors: one is affected by the properties of the material itself, and the other is the solution environment. Hence, we propose a primary model and present the possible wear mechanism in Figure 15 and Figure 16, where the connection between C and O is based on the study of Przedlacki [27].





4. Conclusions


In this study, we used powder to simulate the effects of polymer debris on the friction and wear processes as well as the electrochemical parameters of solutions. A pin-on-disc contact tribometer was used to investigate the tribological behavior of a polymer pin matched with an aluminum plate. An electrochemical workstation was used to test the electrochemical parameters of the solution prior to and after the friction and wear tests.



Generally speaking, the self-lubrication we mentioned refers to the properties of the matrix material. However, in this paper, we realize self-lubrication in a new way by dispersing powder in a solution environment and combine this self-lubrication with the lubrication of the solution to prove its synergy. The results obtained were as follow:




	(a)

	
Adding powder decreased the wear volume and friction coefficient of the UHMWPE specimen. After adding powder into pure water, the average wear amount decreased from 0.57045 to 0.3269 mm3. After adding powder into seawater, the average wear amount decreased from 0.27435 to 0.1963 mm3. For the PA66 specimens, the addition of powder increased the wear amounts of all samples, but adding powder increased the coefficient of the pin in the water environment and decreased that in the seawater environment. After adding powder into pure water, the average wear amount increased from 1.179 to 1.8475 mm3. After adding powder into seawater, the average wear amount increased from 0.45235 to 1.09075 mm3.




	(b)

	
The results of tribological experiments indicated that wear debris can improve the tribological properties of UHMWPE in water and seawater environments by shielding the friction surface as well as reduce wear. However, the wear debris shielding the surface of the PA66 pin could not reduce wear in the water environment, the powder in the water stimulated abrasive wear, and the friction reduction and wear resistance of PA66 in the water environment decreased. This is due to the high hardness of PA66 powder, resulting in abrasive wear.




	(c)

	
The results of electrochemical experiments demonstrated that powder can form a physical barrier on the surface and reduce the corrosion current to protect the material. In UHMWPE tests, the corrosion current density of seawater decreased from 6.342 to 2.199 μA/cm2 before and after friction test, and from 11.530 to 2.083 μA/cm2 in seawater with powder, reflecting the synergistic effect of seawater and powder. In PA66 tests, the corrosion current density of PA66 decreased from 6.342 to 3.286 μA/cm2 before and after tribological test in seawater, and from 10.420 to 3.229 μA/cm2 in seawater with powder. Moreover, in the salt-containing seawater solution, the powder is easier to adhere to the surface, and the law of friction reduction and corrosion resistance of the powder is similar, which indicates that the interaction of electrochemistry, friction, and wear occur. It also shows the synergistic effect of powder and solution environment.













Author Contributions


Conceptualization, S.Z. and T.Y.; methodology, H.D. and W.X.; software, D.J.; validation, L.M. and S.M.; data curation, W.X.; writing—original draft preparation, W.X.; writing—review and editing, W.X.; project administration, H.D. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (Grant No. 51805377), funded by national natural science foundation of China; Outstanding youth talent project of Hubei Province (2020CFA089) funded by Department of science and technology of Hubei Province; and Project of enterprise technology innovation of Wuhan (2020010602012060) funded by Wuhan Science and Technology Bureau.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Khan, M.J.; Wani, M.F.; Gupta, R. Friction and wear characterization of graphite/Polytetrafluoroethylene composites against stainless steel: A comparative investigation under different environments. J. Phys. Conf. Ser. 2019, 1240, 012107. [Google Scholar] [CrossRef]

	



Wang, Y.Z.; Yin, Z.W.; Li, H.L.; Gao, G.Y.; Zhang, X.L. Friction and wear characteristics of ultrahigh molecular weight polyethylene (UHMWPE) composites containing glass fibers and carbon fibers under dry and water-lubricated conditions. Wear 2017, 380–381, 42–51. [Google Scholar] [CrossRef]

	



Wang, J.Z.; Yan, F.Y.; Xue, Q.J. Tribological behavior of PTFE sliding against steel in sea water. Wear 2009, 267, 1634–1641. [Google Scholar] [CrossRef]

	



Chen, B.B.; Wang, J.Z.; Yan, F.Y. Microstructure of PTFE-Based Polymer Blends and Their Tribological Behaviors Under Aqueous Environment. Tribol. Lett. 2012, 45, 387–395. [Google Scholar] [CrossRef]

	



Du, Q.; Hu, Y.; Cui, W. Safety assessment of the acrylic conical frustum viewport structure for a deep-sea manned submersible. Ships Offshore Struct. 2017, 12, 221–229. [Google Scholar] [CrossRef]

	



Wang, F. Theory and practice of maritime power. J. Eng. Sci. 2016, 18, 55–60. (In Chinese) [Google Scholar] [CrossRef]

	



Baets, P.D. Comparison of the wear behaviour of six bearing materials for a heavily loaded sliding system in seawater. Wear 1995, 180, 61–72. [Google Scholar] [CrossRef]

	



Chen, B.B.; Wang, J.Y.; Yan, F.Y. Synergism of carbon fiber and polyimide in polytetrafluoroethylene-based composites: Friction and wear behavior under sea water lubrication. Mater. Des. 2012, 36, 366–371. [Google Scholar] [CrossRef]

	



Khan, M.J.; Wani, M.F.; Gupta, R. Tribological properties of bronze filled PTFE under dry sliding conditions and aqueous environments (distilled water and sea water). Int. J. Surf. Sci. Eng. 2018, 12, 348–364. [Google Scholar] [CrossRef]

	



Wang, Z.; Gao, D. Comparative investigation on the tribological behavior of reinforced plastic composite under natural seawater lubrication. Mater. Des. 2013, 51, 983–988. [Google Scholar] [CrossRef]

	



Chen, B.B.; Wang, J.Y.; Yan, F.Y. Comparative investigation on the tribological behaviors of CF/PEEK composites under sea water lubrication. Tribol. Int. 2012, 52, 170–177. [Google Scholar] [CrossRef]

	



Qi, H.M.; Hu, C.; Zhang, G. Comparative study of tribological properties of carbon fibers and aramid particles reinforced polyimide composites under dry and sea water lubricated conditions. Wear 2019, 436–437, 203001. [Google Scholar] [CrossRef]

	



Liu, H.; Wang, J.Z.; Jiang, P.F.; Yan, F.Y. Hydrostatic pressure–dependent wear behavior of thermoplastic polymers in deep sea. Polyms Adv. Technol. 2018, 29, 2410–2415. [Google Scholar] [CrossRef]

	



Litwin, W. Influence of Surface Roughness Topography on Properties of Water-Lubricated Polymer Bearings: Experimental Research. Tribol. Trans. 2011, 54, 351–361. [Google Scholar] [CrossRef]

	



Guo, Z.W.; Xie, X.; Yuan, C.Q.; Bai, X. Study on influence of micro convex textures on tribological performances of UHMWPE material under the water-lubricated conditions. Wear 2019, 426–427, 1327–1335. [Google Scholar] [CrossRef]

	



Kazemi, N.S.; Hamed, Y. Effect of sea water on water absorption and flexural properties of wood-polypropylene composites. Eur. J. Wood Wood Prod. 2011, 69, 553–556. [Google Scholar] [CrossRef]

	



Velkavrh, I.; Klien, S.; Voyer, J.; Ausserer, F.; Diem, A. Influence of Water Absorption on Static Friction of Pure and Friction-Modified PA6 Polymers. Key Eng. Mater. 2019, 4873, 59–64. [Google Scholar] [CrossRef]

	



Chen, S.; Xu, H.P.; Duan, H.T.; Hua, M.; Wei, L.; Shang, H.F.; Li, J. Influence of hydrostatic pressure on water absorption of polyoxymethylene: Experiment and molecular dynamics simulation. Polym. Adv. Technol. 2017, 28, 59–65. [Google Scholar] [CrossRef]

	



Chen, J.; Wang, J.Y.; Chen, B.B.; Yan, F.Y. Tribocorrosion Behaviors of Inconel 625 Alloy Sliding against 316 Steel in Seawater. Tribol. Trans. 2011, 54, 514–522. [Google Scholar] [CrossRef]

	



Kim, J.; Jang, H.; Kim, J. Friction and wear of monolithic and glass-fiber reinforced PA66 in humid conditions. Wear 2014, 309, 82–88. [Google Scholar] [CrossRef]

	



Ye, Y.W.; Zhang, D.W.; Li, J.Y.; Liu, T.; Pu, J.B. One-step synthesis of superhydrophobic polyhedral oligomeric silsesquioxane-graphene oxide and its application in anti-corrosion and anti-wear fields. Corros. Sci. 2019, 147, 9–21. [Google Scholar] [CrossRef]

	



Jia, Y. Study on the Extraction and Isolation of Artificial Joint Wear Debris under Ultrasonic Irradiation. Ph.D. Thesis, China University of Mining and Technology, Xuzhou, China, 2015. [Google Scholar]

	



Wu, Z.J. Research and Prediction of Tribological Properties of Ptfe Matrix Composites in Fresh Water Environment; Yanshan University: Qinhuangdao, China, 2020. [Google Scholar]

	



Liu, H.T.; Ge, S.R. Study on the relationship between wear debris thickness and positive pressure of UHMWPE. Sci. Bull. 2008, 53, 605–613. [Google Scholar] [CrossRef]

	



Qi, H.; Zhang, L.; Zhang, G.; Wang, T.M.; Wang, Q.H. Comparative study of tribochemistry of ultrahigh molecular weight polyethylene, polyphenylene sulfide and polyetherimide in tribo-composites. J. Colloid Interface Sci 2018, 514, 615–624. [Google Scholar] [CrossRef]

	



Przedlacki, M.; Kajdas, C. Tribochemistry of Fluorinated Fluids Hydroxyl Groups on Steel and Aluminum Surfaces. Tribol. Trans. 2007, 49, 202–214. [Google Scholar] [CrossRef]

	



Zhang, L.G.; Qi, H.M.; Li, G.T.; Zhang, G.; Wang, T.M.; Wang, Q.H. Impact of reinforcing fillers’ properties on transfer film structure and tribological performance of POM-based materials. Tribol. Int. 2016, 109, 58–68. [Google Scholar] [CrossRef]

	



Qi, H.M.; Zhang, G.; Chang, L.; Zhao, F.Y.; Wang, T.M.; Wang, Q.H. Ultralow Friction and Wear of Polymer Composites under Extreme Unlubricated Sliding Conditions. Adv. Mater. Interfaces 2017, 4, 16011717. [Google Scholar] [CrossRef]

	



Kajdas, C.K. Importance of the triboemission process for tribochemical reaction. Tribol. Int. 2008, 38, 337–353. [Google Scholar] [CrossRef]

	



Kathryn, L.H.; Pitenis, A.A.; Sawyer, W.G.; Krick, B.A.; Blackman, G.S.; Kasprzak, D.J.; Junk, C.P. PTFE Tribology and the Role of Mechanochemistry in the Development of Protective Surface Films. Macromolecules 2015, 48, 3739–3745. [Google Scholar] [CrossRef]

	



Lauer, J.L.; Bunting, B.G.; Jones, W.R., Jr. Investigation of Frictional Transfer Films of PTFE by Infrared Emission Spectroscopy and Phase-Locked Ellipsometry. Tribol. Trans. 2008, 31, 282–288. [Google Scholar] [CrossRef]

	



Li, H. Identification of nylon 6 and nylon 66 by Fourier Transform Infrared Spectroscopy. Aging Appl. Synth. Mater. 2020, 49, 59–60. [Google Scholar]

	



Guo, L.H.; Li, G.T.; Guo, Y.X.; Zhao, F.Y.; Zhang, L.G.; Wang, C.; Zhang, G. Extraordinarily low friction and wear of epoxy-metal sliding pairs lubricated with ultra-low sulfur diesel. ACS Sustain. Chem. Eng. 2018, 6, 15781–15790. [Google Scholar] [CrossRef]

	



Li, Y.; Wang, F.; Liu, G. Grain size effect on the electrochemical corrosion behavior of surface nanocrystallized low-carbon steel. Corrosion 2004, 60, 891–896. [Google Scholar] [CrossRef]

	



Li, L. Corrosion Monitoring of Reinforced Concrete Structure Based on Electrochemical Theory. J. Nanoelectron. Optoelectron. 2018, 13, 572–577. [Google Scholar] [CrossRef]

	



Lu, C.G.; Wei, Z.Q.; Qiao, H.X.; Li, K. Reliability life analysis of reinforced concrete in a salt corrosion environment based on a three-parameter Weibull distribution. J. Eng. Sci. 2021, 43, 512–520. [Google Scholar] [CrossRef]

	



Tao, G.Y. Feasibility of Ultrasonic Rolling Treatment for Surface Protection of Pipeline Steel. Master’s Thesis, Xi’an University of Architecture and Technology, Xi’an, China, 2020. [Google Scholar]

	



Cui, G.; Bi, Q.; Zhu, S.; Fu, L.; Yang, J.; Qiao, Z.; Liu, W. Synergistic effect of alumina and graphite on bronze matrix composites: Tribological behaviors in sea water. Wear 2013, 4, 216–224. [Google Scholar] [CrossRef]

	



Wang, L.; Jun, C.; Qiao, Z.; Yang, J.; Liu, W. Tribological behaviors of in situ TiB2 ceramic reinforced TiAl-based composites under sea water environment. Ceram. Int. 2017, 43, 4314–4323. [Google Scholar] [CrossRef]

	



Wu, D.F.; Liu, Y.S.; Zhao, D.L.; Yong, X.F. Tribo-corrosion properties of WC-10Co-4Cr coating in natural silt-laden waters when sliding against Si3N4. Int. J. Refract. Met. Hard Mater. 2016, 58, 143–151. [Google Scholar] [CrossRef]








[image: Polymers 13 02874 g001 550] 





Figure 1. Contact diagram of aluminum alloy disc/UHMWPE (PIN): (a) Two-dimensional graph; (b) three-dimensional graph. 
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Figure 2. Wear amount of UHMWPE pins tested using pin–disc friction and wear tester. The error bar in the Figure represents the standard deviation. 
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Figure 3. The friction coefficient of the UHMWPE pin in (a) water and (b) seawater environments. 
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Figure 4. Micrograph images captured using white-light interference three-dimensional profilometer. 
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Figure 5. SEM images of UHMWPE pins. 
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Figure 6. SEM images of wear marks on 1a90 aluminum plate matched with UHMWPE pins in solution with powder. 
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Figure 7. Infrared spectrogram of aluminum surface of grinding components. 
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Figure 8. Wear amounts of PA66 pins tested using pin–disc friction and wear tester. The error bar in the Figure represents the standard deviation. 
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Figure 9. The friction coefficient of PA66 pin in (a) water and (b) seawater environments. 
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Figure 10. Micrograph images captured using white-light interference three-dimensional profilometer. 
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Figure 11. SEM images of PA66 pins. 






Figure 11. SEM images of PA66 pins.



[image: Polymers 13 02874 g011]







[image: Polymers 13 02874 g012 550] 





Figure 12. SEM image of wear marks on the 1a90 aluminum plate matched with PA66 pins in solution with powder. 
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Figure 13. Infrared spectrogram of the aluminum surface of grinding components. 
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Figure 14. Polarization curve measured using electrochemical workstation: (a) UHMWPE pin in seawater; (b) PA66 pin in seawater; (c) UHMWPE pin in water; (d) PA66 pin in water. 
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Figure 15. Suggested schematic diagram of lubrication layer formation. (a) UHMWPE/PA66 pins in water; (b) UHMWPE pins in water with powder in it; (c) PA66 pins in water with powder in it. 






Figure 15. Suggested schematic diagram of lubrication layer formation. (a) UHMWPE/PA66 pins in water; (b) UHMWPE pins in water with powder in it; (c) PA66 pins in water with powder in it.



[image: Polymers 13 02874 g015]







[image: Polymers 13 02874 g016 550] 





Figure 16. Suggested schematic diagram of lubrication layer formation.(a) seawater; (b) seawater with powder in it. 
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Table 1. The properties of PA66 and UHMWPE.
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	Density(g/cm3)
	Tensile Strength (MPa)
	Elongation at Exercise (%)





	PA66
	1.26
	37
	3.8



	UHMWPE
	0.93
	22
	>50










[image: Table] 





Table 2. Chemical composition of aluminum 1a90.
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	Element
	Si
	Fe
	Cu
	Mg
	Zn
	Mn
	Ti
	v





	Mass

fraction
	0.02
	0.02
	0.01
	0.01
	0.01
	0.01
	0.005
	0.005
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Table 3. The composition of artificial seawater.
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	Element
	Ca2+
	Mg2+
	I3-
	K+





	Concentration(mg/L)
	410
	1200
	0.01
	360
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Table 4. The roughness of the UHMWPE pin surface.
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	Pin-Solution Environment
	UHMWPE

-Water
	UHMWPE

-Water-Powder
	UHMWPE

-Seawater
	UHMWPE

-Seawater-Powder





	Ra(nm)
	280
	234
	350
	302
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Table 5. Element analysis of wear marks on the aluminum plate.
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	Pin Solution Environment
	Empty
	UHMWPE-Water
	UHMWPE-

Water-Powder
	UHMWPE-

Seawater
	UHMWPE

-Seawater-Powder





	C
	0.22
	1.72
	2.14
	1.61
	3.16



	O
	1.11
	5.36
	4.85
	52.96
	26.76
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Table 6. The roughness of PA66 pins surface.
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	Pin-Solution Environment
	PA66

-Water
	PA66

-Water-Powder
	PA66

-Seawater
	PA66

-Seawater-Powder





	Ra(nm)
	146
	4311
	181
	275










[image: Table] 





Table 7. Element analysis of wear marks on the aluminum plate against PA66 pins.
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	Pin-Solution Environment
	Empty
	PA66

-Water
	PA66

-Water-Powder
	PA66

-Seawater
	PA66

-Seawater-Powder





	C
	0.22
	1.73
	1.12
	1.78
	2.75



	O
	1.11
	5.1
	19.45
	13.22
	7.91
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Table 8. Comparison of the corrosion current density with and without UHMWPE powder before and after friction and wear tests.
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	Solution Environment
	Corrosion Current Density(μA/cm2)





	seawater
	6.342



	seawater after friction test
	2.199



	seawater with powder before friction test
	11.530



	seawater with powder after friction test
	2.083



	water
	0.704



	water after friction test
	1.214



	water with powder before friction test
	4.425



	water with powder after friction test
	0.463
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Table 9. Comparison of the corrosion current density with and without PA66 powder before and after friction and wear tests.






Table 9. Comparison of the corrosion current density with and without PA66 powder before and after friction and wear tests.





	Solution Environment
	Corrosion Current Density(μA/cm2)





	seawater
	6.342



	seawater after friction test
	3.286



	seawater with powder before friction test
	10.420



	seawater with powder after friction test
	3.229



	water
	0.704



	water after friction test
	1.728



	water with powder before friction test
	1.709



	water with powder after friction test
	1.046
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