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Abstract

:

In practical engineering applications, high temperatures and water ingress seriously affect the service life of hydrocarbon lubricants. In this study, the deterioration process of hydrocarbon lubricants under high temperatures and humid environments was investigated, and a new health state prediction model was proposed. Simulation of hydrocarbon lubricant Polyalpha−olefin (PAO) molecules used the ReaxFF force field to analyse the high temperature thermal oxidation process of lubricants. The rheological properties of oil−water emulsions were determined by observing the morphology of oil−water two−phase mixtures with different water contents. A multiparameter fusion viscosity prediction model was proposed using a linear model of the viscosity of aqueous fluids, as affected by temperature and water content, and was fitted with the Andrade viscosity−temperature equation to predict lubricant viscosity changes under multiple parameters. Online validation tests were carried out on a compound planetary transmission system, and the surface topographical parameters of the transmission components were further discussed. Experimental results show that the linear correlation with the improved lubricant viscosity prediction model is 0.966, and the surface wear of transmission components is consistent with the trend of lubricant quality change. These findings provide a fundamental basis for the assessment of lubricant service life in high temperatures and humid environments.
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1. Introduction


During the operation of mechanical equipment, the lubricant’s physical and chemical properties are altered, due to the combined effects of high temperature, water, and air. The degradation of lubricant will directly affect the lubrication performance, resulting in corrosion and wear of mechanical equipment. Therefore, analyzing lubricant degradation mechanisms and predicting service life are particularly important.



There are three main failure modes of machine parts: corrosion, fracture, and wear [1,2,3], in which wear accounts for the largest proportion, about 60–80%, and consumes nearly one−third−half of the energy [4,5]. Therefore, the technology of reducing frictional resistance and wear is an effective way to save energy, prolong the service life of mechanical equipment, and improve its working reliability [6,7]. Lubricants can be added between the contact surfaces in relative motion to improve the friction state of the friction pair, thereby reducing frictional resistance and slowing down the wear [8,9]. As early as before christ, people used animal grease and other liquids as lubricants to reduce friction between contact parts, such as in the transportation of giant stones in the pyramids of Egypt and the construction of the Great Wall of China [10]. Before the 1930s, additive−free lubrication (base oils) could basically meet the daily needs of life at that time. However, with the rapid development of modern industry, higher requirements are now being imposed on equipment load, speed, and temperature. Conventional mineral lubricants have difficulty meeting these demanding lubrication requirements. To guarantee the normal operation of mechanical equipment, people pay more and more attention to synthetic lubricants with excellent performance, high reliability, long service life, and biodegradability. Synthetic lubricants can be designed for molecular composition, structure, and function according to people’s needs. They play an important role in extreme working conditions and have been widely used in the lubrication of various equipment components [11]. Synthetic lubricants mainly include synthetic hydrocarbon oil, polyether oil, lipid oil, halogenated hydrocarbon oil, silicone oil, etc. [12]. At present, hydrocarbon synthetic oils account for 42% of the global synthetic lubricant market [13]. Typically, PAO is the most widely used synthetic hydrocarbon base lubricant. It exhibits good thermal oxidation stability, excellent high− and low−temperature lubrication performance, a low pour point, low volatility, good oil seal compatibility, excellent shear stability, and a high viscosity index [14]. Therefore, with the increasingly strict requirements for lubricant specifications, the demand for high−quality synthetic lubricant is growing, and PAO has become one of the fastest growing varieties in the synthetic lubricant market.



In practical engineering applications, the performance of lubricant will be affected by diverse factors, such as mechanical stress, friction heat, high temperature, irradiation, moisture, and metal catalysis. Among them, high temperature thermal oxidation and moisture intervention have the greatest impact on the service performance of lubricants. In recent years, many scholars have studied the high temperature thermal oxidation of lubricants. In the process of comparing the lubricating properties of PAO base oils and mineral base oils, Wang et al. [15] found that PAO with the same viscosity and mineral oils had better film formation at high temperatures, and the viscosity index of PAO was higher than that of mineral oils at 150 °C. And they studied three kinds of base oils with different molecular structures, and found that base oils with a linear molecular structure have higher viscosity and less wear at high temperatures. Zhang et al. [16] compared PAO with the other three base oils through viscosity, friction, and wear tests. Fei et al. [17] used gas chromatography/mass spectrometry (GC/MS), Fourier−transform infrared spectroscopy (FTIR), and other detection methods to study the physical and chemical properties, as well as chemical structure changes of PAO, after high−temperature oxidation. It was found that less than 10% of PAO molecules were cleaved into small molecules of n−alkanes, iso−alkanes, and olefins. However, when the temperature rose to 300 °C, the relative content of cracked molecules reached nearly 30%, and the relative content of iso−paraffins and olefins increased significantly. The generation of a large number of small molecules reduced the intermolecular force of PAO, shortened the branched chain, reduced the viscosity of the oil, and increased the pour point. At high temperatures, the lubricant generated compounds that alter its viscosity also produced small amounts of water molecules.



Meanwhile, during the operation of mechanical equipment, the intervention of water inevitably leads to lubricant contamination, thus forming oil−water two−phase flow lubrication. Research on lubricant water contamination has been reported in the literature, which mainly focuses on the conversion of oil and water fluid phases when water intervenes in the lubricant, the effect on the lubricant viscosity, and the corrosion of mechanical equipment [18]. The two−phase transition of oil−water fluid refers to the transition of fluid, from the water−in−oil type to the oil−in−water type, with the increase of water content in lubricants. Harika [19] conducted experimental research on the rheological behavior of an oil−water mixture without any additives, measured the viscosity at five temperatures, from 10 °C to 80 °C, and defined the model of the viscosity in an oil−water mixture varying with temperature and concentration. Subsequently, they found, through experiments, that within a certain range of water content, the intervention of water in lubricant has a significant effect on the viscosity and temperature of the fluid. They pointed out that the lubrication effect of a water−in−oil two−phase fluid is superior to that of traditional pure oil lubrication. Luo et al. [20,21] found from the test that after water is mixed in the lubricant, with the water content increases, the viscosity of the oil−water two−phase fluid increases first and then decreases rapidly, reaching a maximum water content of about 30%. Dittes et al. [22] studied the corrosivity of water contamination of lubricating oils, and they found the corrosion rate increased proportionally as the water content in the lubricant increased from 0.3% to 5.0%. Lu et al. [23] found that the coefficient of friction increases with increasing free water content under oil lubrication conditions, causing severe wear, deformation, and oxidation. Qin and Doll [24] found that water contamination in oil accelerates the formation of micro−pitting and rolling contact fatigue cracks, which can corrode the cracked interface. The above scholars primarily focus on the changes of physical and chemical characteristics during the thermal oxidation of hydrocarbon lubricant, as well as the impact of water pollution on the viscosity of the lubricant. However, there appears to be limited mutual confirmation between simulation and testing regarding the degradation process of hydrocarbon lubricant due to thermal oxidation. In addition, the interaction of multiple factors, such as temperature and moisture, on the degradation of lubricant viscosity is not adequately addressed.



In fact, the viscosity of fluid is a reflection of its internal friction. The greater the internal friction of the fluid, the greater its viscosity, making flow more difficult, and vice versa. The two effects of intermolecular attraction and kinetic energy transfer together govern the magnitude of fluid viscosity [25]. For liquids, due to the slow motion and short distance of molecules, it is mainly the intermolecular hydrogen bonds and intermolecular forces that play a role. As the temperature decreases, the kinetic energy of liquid molecular motion decreases, the molecular spacing decreases, and the attractive forces increase, leading to an increase in viscosity [26]. To enhance the assessment of lubricant friction performance, numerous scholars, both domestically and abroad, have conducted quantitative analyses of the relationship between lubricant viscosity and temperature. At present, the Andrade equation, Walther equation, Vogel equation, Reynolds equation, and Slote equation have been commonly used internationally to describe the lubricant viscosity−temperature relationship [27,28,29,30]. Among them, the Andrade equation, Walther equation, and Vogel equation have been suitable for a wider temperature limit, which can more accurately describe the viscosity−temperature variation of lubricant. However, the specific viscosity−temperature relationships of different types and compositions of lubricants are different. Therefore, different viscosity−temperature models are used to obtain the best viscosity−temperature equations by fitting different oil viscosity−temperature data and analysing the fitting accuracies through comparison, which is significant for predicting the viscosity changes of lubricant at other temperatures and evaluating the overall performance of the oils.



To address the above issues, this paper conducted the following four studies. (1) Taking hydrocarbon lubricant as the research object, the high temperature thermal oxidation process of the PAO molecule in hydrocarbon lubricant was simulated by using a ReaxFF force field. (2) In order to further explain the reason for the viscosity change of the lubricant, emulsified oil with varying water content was observed. The micro−droplets and macro−morphology of the oil−water two−phase mixture were analysed. (3) By detecting the linear relationship between the viscosity of lubricant affected by temperature and water content and fitting the existing Andrade viscosity−temperature equation, a high−precision prediction model of lubricant viscosity was established. It was then combined with the threshold line method to determine the safety state threshold of the lubricant viscosity. (4) Using the compound planetary gearbox test rig as the carrier, online validation experiments were conducted with the planetary gear friction subassembly as the research object, to verify the accuracy of the lubricant viscosity prediction model. Three−dimensional (3D) morphology of white light interference (WLI) and scanning electron microscope (SEM) acquisition were used to characterize the surface morphology of transmission components, to study the effect of lubricant quality change on the surface wear of transmission components. This study provides guidance for the analysis of the deterioration mechanism of hydrocarbon lubricant and the prediction of the lubricant service life in high temperatures and humid environments.




2. Materials and Methods


2.1. Thermal Oxidation Model of Lubricants


The procedure of thermal oxidation of hydrocarbon lubricants is very similar to that of mineral oils and also the generation of aldehydes, ketones, acids, water, and esters, thus reducing the viscosity of the lubricant. When thermal oxidation is carried out for a long time, these small molecular products will undergo polymerization reactions, forming large−molecule polymers and, as a result, the viscosity rises. The thermal oxidation process of hydrocarbon lubricants gene rally includes four reaction stages: chain initiation, chain growth, chain transfer, and chain termination [31,32,33].



During chain initiation, hydrocarbons are excited by metal ions, heat, or light to remove hydrogen atoms (H∙) from hydrocarbon molecules (R1H) and form free radicals (R1∙). The reaction process is as follows:


   R 1  H →  R 1  ⋅  + H  ⋅  



(1)







During chain growth, the free radicals react with oxygen molecules (O2) to form hydrocarbon proxy radicals (R1OO∙), which is an irreversible reaction. The generated alkyl peroxide radical forms hydrocarbon hydrogen peroxides (R1OOH) and a new free radical (R2∙) by taking a hydrogen atom from another hydrocarbon molecule (R2H). The stability of newly formed hydrocarbons (hydrogen peroxides) determines the rate of chain reactions generated by repeated chain growth reactions. The reaction process is as follows:


   R 1  ⋅    + O   2  →  R 1  OO ⋅  



(2)






   R 1  OO ⋅ +  R 2  H →  R 1     OOH + R   2  ⋅  



(3)







During chain transfer, various free radicals (generated by the decomposition of hydrogen peroxide) simultaneously participate in or trigger a series of complex reactions, thus generating a wide variety of products. During the decomposition process, the O−O bond breaks to produce two new free radicals. The reaction process is as follows:


   R 1  OOH →  R 1  O ⋅ + ⋅ OH  



(4)







The newly formed hydrocarbon hydrogen peroxide can be oxidized to form more peroxide−free radicals. Under high−temperature oxidation conditions, the generated aldehydes (R1CHO, CH2O), ketones (R1CH2OR2), and alcohols (R1CH2OH) can further react. This secondary condensation reaction generates high molecular weight polymers, producing paint films, accumulations etc., leading to an increase in the viscosity of lubricant. Ultimately, the organic acids produced by the condensation reaction and the small amount of water molecules produced during the chain transfer process can corrode the components of mechanical equipment, thereby reducing the working life of the equipment. The reaction process is as follows:


  ⋅ OH +  R 1  H →  H 2     O + R   1  ⋅  



(5)






     H     |       R 1       |     H    CO ⋅ →                R 1       |     H     CO + H  ⋅  



(6)






     H     |       R 1       |     H    CO ⋅    + R   2  H →  R 1    CH  2     OH + R   2  ⋅  



(7)






     H     |       R 1       |     H    CO ⋅    + R   2  H →  R 1    CH  2    OR  2   + H  ⋅  



(8)






     H     |       R 1       |     H      CH  2  CO ⋅ →   CH  2     O + R   1          ⋅     C               H 2   



(9)







As the degree of oxidation increases, oxygen or active substances are gradually depleted, chain termination reactions dominate, and oxidation tends to stop. The termination process may involve the recombination and disproportionation of hydrocarbon peroxy radicals by multiple processes, resulting in stable molecular end products, or the reaction can generate stable radicals without participating in further chain transfer reactions. The reaction process is as follows:


   2 R  ⋅ → RR  



(10)






   2 ROO  ⋅ →    ROOR + O   2   



(11)







In order to verify the thermal oxidation process of the aforementioned hydrocarbon base oils, traditional experimental methods make it difficult to observe the generated small molecule compounds, and temperature and oxidation time are difficult to control. Therefore, Materials Studio (MS) simulation software (BIOVIA Materials Studio 2021) is used to simulate the thermal oxidation process of lubricant. Selecting typical hydrocarbon base lubricant PAO as the research object, the effect of temperature on the molecular structure of PAO lubricant is investigated.



Initially, construct the molecular structure of PAO (Figure 1a) and O2 (Figure 1b), and utilize the Forcite and Dmol3 Tools modules for structural optimization to obtain molecular models for energy and structural optimization. Then, a reaction unit containing 3 PAO molecules and 100 O2 molecules are constructed in the Amorphous Cell module. To facilitate the classification of atoms, the model sets carbon atoms are gray, hydrogen atoms are white and oxygen atoms are red, generating a 3D−reaction unit cell with a density of 0.9 g/cm3. Finally, structural optimization and energy balancing of reaction units using the Anneal function of the Forcite Tools module. During the annealing process, the atomic force field is selected as COMPASS, and the energy category is selected as the lowest energy and most stable Hamilton reaction model (Figure 1c).



For the above reaction units, the reactive force field (ReaxFF) 6.0 force field in the GULP module is selected to simulate the thermal oxidation reaction process of PAO molecules. Firstly, reaction equilibrium is carried out, and the electronegativity balance method is used to dynamically optimize atomic charges at each time step during the simulation process. The equilibrium time is set to 100 ps to better describe the polarization effect. After that, simulate the reaction, selecting the NVT (constant particle number, volume, and temperature) regular system as the reaction system. The integration step is set to 0.1 fs, the constant temperature device parameter is set to 0.1 ps, and the simulation time is set to 20,000 ps. In order to observe the oxidation reaction results in a short period of time, the ReaxFF molecular dynamics (MD) simulation reaction temperature is set to 1473 K. By observing the molecular changes in the thermal oxidation reaction of PAO molecules, screenshots of the simulated reaction results are taken to obtain some molecular structural changes, and the mechanism of the thermal oxidation reaction process of PAO molecules is summarized (Section 3.1).




2.2. Analysis of the Micro− and Macro−Morphology of Emulsified Oil


KunLun lubricant (GL−5 85W/90, PetroChina Company Limited, Beijing, China) (parameters are shown in Table 1) and distilled water are selected as the main materials for preparing emulsion oil in the experiment. Prepare oil−water mixtures with different water contents, and then use ultrasonic oscillation for 30 min to obtain emulsified oil. The preparation process is shown in Figure 2.



Observe the micro−droplet morphology of emulsified oil with 1%, 2%, 5%, 10%, 20%, 30%, 50%, and 90% water content using optical microscopes (SOIF 20×, 50×, Shanghai Xinmao Scientific Instrument Company Limited, Shanghai, China). Under normal humid environments (except for special underwater operating equipment), the primary sources of water in the lubricants include water inflow due to seal failure of mechanical equipment or high−temperature oxidation products. According to Chinese national standards, the permissible water content in lubricants must be below 0.03% [34]. Exceeding this threshold may result in the formation of acids within the lubricant, consequently accelerating corrosion and potentially leading to severe accidents. Therefore, we have analysed the viscosity change of deteriorating lubricants under a normal state (up to 5% water content). Use a viscosity sensor (YFV−2) and a temperature sensor (YFW−2B) to measure the kinematic viscosity of emulsified oil with water content of 0%, 1.0%, 2.0%, 3.0%, 4.0%, and 5.0% at temperatures of 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, and 75 °C respectively, and obtain the variation pattern of the viscosity of the water containing oil affected by temperature and water content.




2.3. Viscosity Prediction Model


Relative viscosity is the ratio of the kinematic viscosity of the polymer solution to the kinematic viscosity of the pure solvent at the same temperature, which is vre = vru/voil. The relative viscosity and water content are linearly correlated under different temperature conditions, and are calculated from the measured kinematic viscosity data [19].



The linear relationship of relative viscosity with temperature and water content can be described as follows:


vre = 1 + ϑ(T) ϕ



(12)




where vre denotes the relative viscosity; ϑ(T) represents a function of temperature T, which is the slope of the curve of relative viscosity changing with water content; ϕ corresponds to the water content.



Since ϑ(T) and ϕ are very small compared with 1, the logarithm of both sides is taken as follows:


  lglg    v  ru     = lglg    v  oil     +   ϑ ( T )   ϕ   lg    v  oil           ln  2  ( 10 )    



(13)







The measured data are fitted with the Andrade viscosity−temperature equation and the Walther viscosity−temperature equation, respectively, and the viscosity−temperature equation with the better fitting degree is chosen. Substituting the Andrade viscosity−temperature equation    v  oil   = A ’  e  B ’ / T     is obtained, as follows:


  lglg    v  ru     =  A ′   e     B ′   T    +   m ϕ    T   A ′  − 1     10    B ′      +   n ϕ    T   A ′      10    B ′       



(14)






  lglg    η 0    =  1 ρ  (  A ′   e     B ′   T    +   m ϕ    T   A ′  − 1     10    B ′      +   n ϕ    T   A ′      10    B ′      )  



(15)




where vru represents the kinematic viscosity of emulsion oil, ƞ0 signifies the initial viscosity, and ρ denotes the density of lubricants.



The threshold line method is used to determine the lubricant viscosity safety threshold. The thresholds are calculated from the mean of the data samples obtained from statistical monitoring. The calculation methods for safety threshold    τ 1    is as follows:


   τ 1  =  ℏ ¯  =  1 χ    ∑  i = 1  χ    ℏ i     



(16)




where    ℏ ¯    represents the sample mean,    ℏ i    signifies the viscosity monitoring value, and  χ  stands for the sample size.





3. Results and Discussion


3.1. ReaxFF MD Simulation Results of Lubricant


From the simulation results (Figure 3, carbon atoms are gray, hydrogen atoms are white and oxygen atoms are red), it can be seen that the thermal oxidation process of the PAO molecule conforms to the free radical polymerization theory of hydrocarbon lubricant. At a relatively moderate simulated temperature of 1473 K, first the chain initiation stage occurs, before the C−C bond and C−H bond then break, and the PAO molecule generates free radicals. See Figure 3a,d, to obtain hydrocarbons with a small molecular weight. During the chain growth phase, new free radicals are formed, and the free C−C bonds break to combine with each other and also undergo an oxidizing reaction with O2 molecules to produce alcohols (Figure 3b). In the chain transfer stage, the number of free radicals further increases, and the oxidation reaction takes place further, producing hydrogen peroxide, carboxylic acids, olefins, and other substances (Figure 3c,e,g). In addition to the above free radicals involved in the reaction, there are also some unsaturated hydrocarbons in the system (Figure 3f,h,i). At the chain termination stage, all free radicals are annihilated, and the reaction tends to stop.



From Figure 3 it can be observed that the main small molecules produced are: small molecule−saturated hydrocarbon substances, six carbon esters, and twenty−nine carbon esters, along with unsaturated hydrocarbons, such as ethylene and hydrogen peroxide, and other products. The number of molecules in the reaction unit increases as the reaction proceeds. The number of molecules increases slowly from the initial state of 0.1 ps to 8000 ps. The number of molecules increases, the molecular weight decreases, the molecular gap increases, and the intermolecular force decreases, which is the fundamental reason for the viscosity reduction caused by the thermal oxidation reaction of the lubricant. The number of molecules in the lubricant reaction unit tends to remain constant as the thermal oxidation reactions progress from 8000 ps to 10,000 ps, indicting the equilibrium state of the thermal oxidation process of the PAO molecules.



In addition, previous studies showed that the thermal oxidation products of hydrocarbon base lubricant can, when combined with the antioxidants, exhibit effects that are effective for quenching the hydrocarbon oxidation chain reactions. Primary antioxidants act as “radical scavengers”, reacting quickly with free radicals during the propagation phase and slowing down the oxidation process by forming new, more stable, radicals. Secondary antioxidants react with peroxides and are responsible for breaking the cycle, preventing branching and further propagation [35]. These mechanisms effectively enhance the antioxidant properties of hydrocarbon base lubricant.



Figure 4 shows the change trend of the number of molecules in the reaction system under the relatively moderate simulated temperature of 1473 K within 10,000 ps. The number of molecules in the PAO unit cell of the lubricant increases initially and then tends to equilibrium with the lapse of reaction time. At this time, the heated oxidation or decomposition reaction of the lubricant reaches the intermediate equilibrium state.




3.2. Microdroplet Morphology of Emulsified Oil


The researchers found that when the stirring time was longer, the emulsion oil exhibited higher initial viscosity [36]. This is because of the difference in droplet size generated at different stirring times. When the stirring time is above 30 min, the difference in viscosity changes, and the droplet amount is small. Therefore, this experiment sets the stirring time to 30 min.



The microscopic and macroscopic photos of pure oil are shown in Figure 5a–f. The results show that the lubricant is a yellow transparent liquid, and no tiny droplets or bubbles are found; Figure 5b–d are the lubricant emulsions with water contents of 1%, 2%, and 5%, respectively. The macro−photos show that as the water content of the lubricant increases, the color of the lubricant changes from yellow to milky white, the number of emulsion droplets increases significantly, and the droplet size gradually increases. When the water content exceeds 30%, the continuous phase of the oil–water emulsion changes from oil phase to water phase, the number of emulsified oil droplets also gradually decreases, and the color of the emulsion gradually changes, from milky white to white and transparent.



Therefore, when the water content is less than 30% (Figure 5a–e), the lubricating fluid is a water−in−oil emulsion. With the gradual increase in water content, the viscosity of oil−water emulsion first increases and then decreases, the number of emulsified water droplets increases, and the internal frictional resistance of the emulsion increases, which leads to an increase in viscosity. When the water content is above 30% (Figure 5e,f), the lubricating fluid changes from a water−in−oil type to an oil−in−water type emulsion. As the water content increases, the number of emulsified oil droplets decreases, leading to a reduction in viscosity. This is consistent with the experimental rule reported in the relevant research [20,21].




3.3. Viscosity Prediction Model and Safety Threshold Division


In order to further investigate the effect of water content and temperature on the viscosity of the lubricant, a viscosity−temperature test is carried out on the lubricant, and the test results are shown in Figure 6a.



Figure 6a shows the variation curve of lubricant kinematic viscosity with water content under different temperatures. At the same temperature level, the kinematic viscosity of the lubricant increases slowly as the water content increases. Additionally, the kinematic viscosity of the lubricant decreases as the temperature rises, indicating a negative correlation between temperature and viscosity value.



Based on the linear relationship between the viscosity of lubricant, which is correlated with water content and temperature. The measured data are fitted with Andrade equation (see Figure 6b) and Walther equation (see Figure 6c), respectively. The linear correlation coefficient (R2) of Andrade equation (R2 = 0.998) is greater than that of Walther equation (R2 = 0.995). The Andrade viscosity−temperature equation with a better fitting degree is optimized, and the high−precision prediction model of lubricant viscosity is established by combining the linear relationship of relative viscosity with the Andrade viscosity−temperature equation.



The parameter value   A ’ = − 3.534 , B ’ = 9.057 , m = − 0.0036 , n = 1.545   and R2 = 0.999 can be obtained by fitting offline experimental data with Equation (13), indicating a high degree of fitting.



The online test data are used to fit the improved lubricant viscosity prediction model for verification. The viscosity data of 25 °C, 30 °C, 35 °C, and 40 °C in the online test are used to fit the prediction model. Figure 6d shows that most data points are distributed on the fitting line and the trend is consistent (R2 = 0.966), which proves the accuracy of this lubricant viscosity prediction model.



The viscosity threshold is calculated by the threshold line method and marked by the real−time monitoring data graph, as shown in Figure 7. The black curve in the graph represents the change of the lubricant viscosity value, the orange curve represents the change of the temperature, and the green straight line represents the safety threshold calculated by the threshold line method.



Figure 7 shows the safety thresholds of lubricants with water content in: (a) 0%, (b) 1%, (c) 2%, (d) 3%, (e) 4%, (f) 5%. During the test, the viscosity stability time and safety threshold of lubricant with different water contents are shown in Table 2. With the temperature gradually rising, the dynamic viscosity of lubricant showed a downward trend, and the viscosity trend tended to be stable at about 160 min, maintaining a slight fluctuation, and the safety threshold of lubricant viscosity is higher than the stable value. At the threshold time, the viscosity of the lubricant is less than the safety threshold, indicating that the viscosity of the lubricant is low, the oil film is small, and the lubricating performance is reduced. According to the six groups of test viscosity trend diagrams, temperature is the main factor affecting the viscosity of lubricant, and too high temperature rapidly reduces the viscosity value, thus affecting the oil film thickness and the lubrication performance. The viscosity of a lubricant increases as the water content increases and thus increases the oil film thickness, but the degree of enhancing the lubricating performance is limited. On the contrary, water can corrode mechanical equipment and make the wear more serious. Therefore, in practical engineering applications, the temperature and water content should be strictly controlled to ensure the service life of mechanical equipment.





4. Wear Experiment


4.1. Wear Test of Compound Planetary Transmission System


Due to their compact structure and strong bearing capacity, planetary gearboxes find extensive applications in various sectors, including automobiles, wind power, and ships. However, the aviation industry demands a transmission system with a more compact structure, stronger bearing capacity, and a greater transmission ratio under large transmission ratio conditions. The compound planetary transmission system exhibits enhanced load−sharing performance compared to the traditional planetary system, while the inclusion of a double planetary row further optimizes its load−carrying capacity. However, the structure of the compound planetary transmission system determines that it has higher requirements for lubricant quality. An explosion diagram of various components of the compound planetary transmission system is shown in Figure 8.



In total, six groups of online wear tests were carried out on the compound planetary transmission system to verify the effect of viscosity, temperature, and water on lubricant oil film and gear wear. Six groups of wear tests with different water contents were set up to verify the effect of different water contents on the lubricant oil film and wear state. The research object was the friction pair composed of inner and outer planetary gears in the compound planetary transmission system. The six groups of test water content were 0%, 1.0%, 2.0%, 3.0%, 4.0%, and 5.0%; torque was 50 Nm; rotational speed was 800 rpm; and each group was run for 6 h to verify the effect of water content on lubricant oil film and gear wear.



In order to address the complex situation of surface morphology collection in the compound planetary transmission system, the moulding material was used to collect the 3D morphology of the tooth surface without damaging the gear [37]. A schematic diagram of surface replication by moulding material is shown in Figure 9. The properties of the moulding material are shown in Table 3. The surface morphology of the moulding material was observed using a WLI (ZeGage, ZYGO Compact, Middlefield, CT, USA).



The surface wear of the composite planetary transmission system was characterized by using SEM (ZEISS EVO 15, Carl Zeiss Microscopy GmbH, Jena, Germany), and the micro−morphology of the gear surface was analysed.




4.2. Characterization Results and Discussion


In the process of identifying the health state of mechanical equipment, the quality of the lubrication state is very important, and the surface roughness is an essential parameter. After each group of wear tests, take off the planetary gears to make duplicate rubber film, and observe and collect the gear surface roughness data under the WLI. Figure 10 lists the surface roughness of the gear after each group of test wear when the water content in the lubricant is 0%, 1.0%, 2.0%, 3.0%, 4.0% and 5.0%, respectively. It can be seen that as the water content of the lubricant increases, the 3D morphology of the gear surface also becomes rougher.



The WLI can be used to measure the 3D morphology to reflect the wear degree, but it is slightly insufficient to observe the finer wear characteristics. At this time, it is necessary to use SEM to more intuitively observe the tooth surface wear condition and fault type. When the water content in the lubricant is 0%, micro−cracks appear on the tooth surface, due to the combined action of relative sliding and stress, and there is a tendency for them to expand and connect with each other, which is the initial manifestation of pitting failure (see yellow dashed boxes in Figure 11a). When the water content in the lubricant is 2%, increased wear results in rougher tooth surfaces and pitting pits are formed (see yellow dashed boxes in Figure 11b).





5. Conclusions


This study investigated the deterioration process of hydrocarbon lubricants in high−temperature and humid environments, and proposed a novel health state prediction model.



The principle of the thermal oxidation process of hydrocarbon lubricant was analysed, and the high−temperature thermal oxidation process of the PAO molecule in hydrocarbon lubricant was simulated by using the ReaxFF force field. The results showed that an increase in the amount of small molecular compounds in the high−temperature oxidation reaction products led to a decrease in the kinematic viscosity of the lubricant.



The oil–water emulsions with different water contents were observed, and the micro−droplets and macro−morphology of the oil–water two−phase mixture were analysed. It was found that when the water content of the lubricant reached 30%, the oil–water emulsion changed from the oil−in−water phase to the water−in−oil phase, and the viscosity first increased and then decreased.



By detecting the linear relationship between the viscosity of lubricant affected by temperature and water content and fitting the existing Andrade viscosity–temperature equation, a high−precision prediction model of the lubricant viscosity was established. The safety state threshold of lubricant viscosity at different water content was determined using the threshold line method.



Taking the compound planetary gearbox test rig as the carrier and the planetary gear friction pair as the research object, the linear correlation between the online test data and the lubricant viscosity prediction model is 0.966. The effect of changes in lubricant quality on the surface wear of transmission components is consistent with the wear trend observed in the surface morphology collected by the 3D morphology of WLI and SEM.



The research content introduced in the paper is founded on the monitoring data from a compound planetary transmission system, but it can also be applied to predict the quality of the lubricant for other mechanical equipment requiring lubrication. This provides a fundamental basis for the assessment of lubricant service life in high temperatures and humid environments.
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Figure 1. Molecular structure: (a) PAO molecule, (b) O2 molecule, (c) PAO molecule ReaxFF MD structure. 
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Figure 2. Emulsion oil preparation and analysis. 
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Figure 3. Molecular simulation results of 1473 K isothermal reaction and main fragments: (a) 10 ps, (b) 10 ps, (c) 10−20,000 ps, (d) 5000 ps, (e) 5000−20,000 ps, (f) 5000−20,000 ps, (g) 10,000 ps, (h) 10,000−20,000 ps, (i) 10,000−20,000 ps. 
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Figure 4. Changes in the number of molecules in the 1473 K isothermal reaction. 
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Figure 5. Micro− and macro−morphology of emulsified oil with water content in: (a) 0%, (b) 1%, (c) 2%, (d) 5%, (e) 30%, (f) 90%. 
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Figure 6. Characteristics of lubricant viscosity: (a) effect of lubricant viscosity of different temperature, (b) Andrade viscosity–temperature equation is fitted with measured data, (c) Walther viscosity–temperature equation is fitted with measured data, (d) viscosity prediction model validation. 






Figure 6. Characteristics of lubricant viscosity: (a) effect of lubricant viscosity of different temperature, (b) Andrade viscosity–temperature equation is fitted with measured data, (c) Walther viscosity–temperature equation is fitted with measured data, (d) viscosity prediction model validation.



[image: Lubricants 12 00116 g006]







[image: Lubricants 12 00116 g007] 





Figure 7. Safety thresholds of lubricants with water content in (a) 0%, (b) 1%, (c) 2%, (d) 3%, (e) 4%, (f) 5%. 
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Figure 8. Explosion diagram of various components of the compound planetary transmission system. 
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Figure 9. Schematic diagram of surface replication by moulding material. 
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Figure 10. Surface roughness of the gear with different water content. 






Figure 10. Surface roughness of the gear with different water content.



[image: Lubricants 12 00116 g010]







[image: Lubricants 12 00116 g011] 





Figure 11. SEM with different water content: (a) 0% and (b) 2%. 
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Table 1. Parameters of lubricant.
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	Product No.
	Kinematic Viscosity (40 °C)
	Kinematic Viscosity (100 °C)
	Viscosity Index
	Flash Point (Opening)
	Pour Point





	KunLun

GL−5 85W/90
	182.1 mm2/s
	16.5 mm2/s
	96
	230 °C
	−20 °C










 





Table 2. Safety threshold of viscosity of lubricant with different water content.
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	Water Content
	Stabilization Time
	Threshold Time
	Safety Threshold



	0%
	160 min
	115 min
	142.89 mm2/s



	1%
	160 min
	100 min
	197.85 mm2/s



	2%
	160 min
	115 min
	201.52 mm2/s



	3%
	160 min
	115 min
	201.82 mm2/s



	4%
	160 min
	120 min
	232.79 mm2/s



	5%
	160 min
	115 min
	234.82 mm2/s










 





Table 3. The properties of the moulding material.






Table 3. The properties of the moulding material.





	Model No.
	Accuracy
	Hardness
	Dimensional Changes
	Working Temperature
	Setting Time





	MICROSET

101 RF
	0.1 μm
	28–30 Shore A
	<0.1%
	−10 °C–180 °C
	5 min
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