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Abstract

:

In sustainable tribology, researchers are investigating methods to enhance tribological performance by incorporating nanoparticles into lubricants. However, one potential drawback of this strategy is increased lubricant viscosity. The current study aimed to assess the impact of these nanoparticles on the viscosity and coefficient of friction (COF) of the nanolubricants. Three different nanolubricants were synthesized through a two-step process, including mono-nanolubricants (Al2O3/DEC PAG and SiO2/DEC PAG) and hybrid nanolubricants (Al2O3-SiO2/DEC PAG), at volume concentrations between 0.01% and 0.05%. The viscosity and shear flow behavior of these nanolubricants were evaluated using a digital rheometer, while the COF was measured using a Koehler four-ball tribometer. All the nanolubricants showed Newtonian behavior during the experiments. The dynamic viscosity velocity increment of SiO2/DEC PAG was found to be the lowest (1.88%), followed by Al2O3-SiO2/DEC PAG (2.74%) and Al2O3/DEC PAG (3.56%). The viscosity indices of all the nanolubricants were improved only at higher concentrations. At a volume concentration of 0.03%, the Al2O3-SiO2/DEC PAG nanolubricant reduced the COF by up to 8.1%. The results showed that the combination of nanoparticles, temperature, and volume concentration significantly influenced the viscosity and COF of nanolubricants. This study provides essential information for developing high-performance nanolubricants with improved viscosity and COF and advancing environmentally friendly tribology solutions.
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1. Introduction


In the context of the current global concerns about global warming, stricter pollution regulations, and a push towards more energy-efficient vehicles, there is a need to improve the efficiency of automotive air-conditioning (AAC) systems. A critical aspect of AAC systems is the compressor-lubricating fluid used. Polyalkylene glycol (PAG) is commonly utilized for its ease of use, availability, and low cost [1,2]. Green tribology emphasizes the aspects of interacting surfaces in relative motion that are important for energy or environmental sustainability, including tribological technology that mimics living nature. The use of alternative refrigerants such as R1234yf is acceptable for new passenger cars and light-duty trucks due to its low global warming potential (GWP) of 1 [3]. However, when using the refrigerant R1234yf, which has a high moisture content, it is necessary to use a lubricant that does not absorb moisture to prevent harm to the compressor from the reaction between the lubricant and moisture. To address this issue, double-end-capped polyalkylene glycol (DEC PAG) is used in AAC-R1234yf systems. However, compared to the AAC-R134a system, the performance of the AAC-R1234yf system is lower [4]. Therefore, it is essential to improve the tribology and thermophysical properties of DEC PAG. One approach to achieving this is adding nanoparticles as additives [5]. Adding metal oxide nanoparticles is expected to improve the thermophysical characteristics of DEC PAG due to the higher thermal conductivity of metals compared to liquids [6].



In green tribology, proper lubrication of compressors is crucial in reducing friction and preserving the wall’s surface [7]. The incorporation of nanoparticles into the lubricant can result in a significant increase in viscosity. This situation must be taken into account when considering the use of nanoparticles in lubricants. Studies have shown that different types of nanoparticles have unique effects on viscosity. For example, Ma et al. [8] found that the viscosity of nanolubricants can increase by as much as 23.5%. Haldar et al. [9] observed that as the concentration of MWCNT/SiO2 nanolubricants in hydraulic oil increases, so does its viscosity, particularly at lower temperatures. Similarly, Kedzierski et al. [10] discovered that Al2O3/POE and ZnO/POE nanolubricants had 250% and 170% viscosity increases, respectively, when compared to other nanoparticle types. Hybrid nanolubricants can be used to mitigate the impact of increased viscosity [11]. Zawawi et al. [12] compared the performance of hybrid nanolubricants (Al2O3-SiO2, Al2O3-TiO2, and TiO2-SiO2) dispersed in PAG lubricants to that of single-particle nanolubricants. The results showed that hybrid nanolubricants had smaller increases in viscosity and superior thermal conductivity compared to single-particle nanolubricants. This research suggests that hybrid nanolubricants may be more suitable for refrigeration systems, but carefully selecting the nanoparticles is essential.



The viscosity of a lubricant can significantly impact its tribological properties. Higher viscosity often results in higher coefficients of friction (COF) [13,14]. However, adding nanoparticles to a lubricant can improve its performance by reducing friction and enhancing the “nano-rolling effect.” In liquid lubrication systems, friction and wear rely on the contact surface conditions and the applied load [15]. This demonstrates the need to develop a nanolubricant with low viscosity increment and excellent thermal conductivity enhancement. The tribological properties of a nanolubricant, including the shear flow curve and coefficient of friction, can be influenced by various factors, such as the type, size, shape, concentration, and operating temperature of the nanoparticles used. Research has shown that graphene-based nanolubricants exhibit superior tribological performance to conventional lubricants [16]. Additionally, metal oxide nanoparticles have been found to reduce friction between sliding surfaces, but their abrasiveness may also increase surface wear. Further investigation revealed that ZnO/H2O and Al2O3/H2O reduced the friction to 56.9% and 53%, respectively [17]. Careful selection of the appropriate nanoparticles is necessary to achieve a nanolubricant with low viscosity increment and enhanced thermal conductivity.



Zawawi et al. [7] studied the COF and wear-rate characteristics of PAG compressor lubricants with composite nanoparticles. Different concentrations of composite nanolubricants were tested using a piston ring tribology test. At 0.02% volume concentration of composite nanolubricants, the COF was reduced to 4.49% and the wear rates were reduced to 12.99%. The study showed that combining composite nanoparticles has high potential for tribology improvement in the refrigeration system. Jeng et al. [18] studied the friction characteristics and wear behavior of carbon nanocapsules (CNCs) in mineral oil lubricants. Tribological analysis was undertaken using block-on-ring tests. The tribological properties of CNC nanolubricants are strongly dependent on the structure variation of the nanoparticles hence verifying the lubrication mechanism of CNCs at the sliding system. In another paper, Jeng et al. [19] examined the tribological performance of carbon–Fe nanocapsule (CFNC) nanolubricants for high-contact loads. They concluded that the CFNC nanolubricants improved the micro-bearing lubrication mechanism, surface permeability, and filling properties. Earlier, Rapoport et al. [20] investigated the potential of hollow nanoparticles (HNs) of MX2 as solid-state lubricants. The HN-MX2 performed effectively in friction, wear, and lifetime, allowing the particles to roll rather than slide.



The impact of nanoparticles on the shear curve, viscosity, and coefficient of friction (COF) of a DEC PAG-based nanolubricant has not been thoroughly studied. This study sought to explore the influence of nanoparticles on a nanolubricant based on DEC PAG. Additionally, it is essential to examine the differences in viscosity and COF between mono-nanolubricants (Al2O3/DEC PAG and SiO2/DEC PAG) and hybrid nanolubricants (Al2O3-SiO2/DEC PAG). In this research, nanoparticles of Al2O3 and SiO2 were incorporated into the lubricant using a two-step preparation process. All nanolubricants were prepared with a volume concentration ranging from 0.01% to 0.05%. After the addition of nanoparticles, the shear curve was used to evaluate the Newtonian behavior of the material. Subsequently, the viscosity improvement was compared among all types of nanolubricants. Finally, tribological testing was conducted to assess the impact of nanoparticles on the COF of the newly developed DEC PAG-based nanolubricant.




2. Materials and Methods


2.1. The Materials Specification


Researchers have been interested in metal oxide nanoparticles due to their potential applications in various fields, such as information storage, nanosensors, nanoelectronics, nanodevices, and optoelectronics [21]. These metal oxides are considered more stable due to their oxide bonds. This study used aluminum oxide (Al2O3) and silicon dioxide (SiO2) nanoparticles as nanoadditives, obtained from Sigma-Aldrich in the Missouri, USA and Beijing DK nanotechnology Co., Ltd. in Beijing, China. The manufacturers described the nanoparticles’ physical properties, which are presented in Table 1 and Table 2. No surfactants were used during the experiments to preserve the integrity of the nanosuspension. Despite the absence of surfactants, the nanolubricants produced in this study were sufficiently stable. The primary lubricant used for the investigation was PAG ND12, which DENSO supplied. PAG ND12 is a low-hygroscopicity DEC PAG lubricant appropriate for use with R1234yf, a refrigerant particularly sensitive to lubricant and moisture interaction.




2.2. Nanolubricant Preparation and Stability


This study aimed to investigate the properties of nanolubricants by measuring their shear curve, viscosity, and coefficient of friction with different volume concentrations. The nanolubricants were prepared using a two-step method ideal for incorporating powder nanoparticles into the base fluid [25]. The required nanoparticle mass was calculated using a 4-digit balance, and the necessary calculations were performed using Equations (1) and (2). In these equations, ϕ, V, m, and ρ represent the volume concentration (%), volume (mL), mass (g), and density (g/cm3), respectively. The mixture of nanoparticles and the DEC PAG lubricant was stirred for 30 min at 800 to 900 RPM. A Fisherbrand FB11201 advanced ultrasonic bath was used at 60% amplitude for 120 min to enhance the stability of the dispersion. During ultrasonication, the sample temperature reached 75 °C, which is expected to improve dispersion due to decreased base lubricant viscosity at higher temperatures [26].



The size and dispersion conditions of the nanoparticles were measured using transmission electron microscopy (TEM) JSM 7800F. The analysis of the cross-section area for each nanoparticle on the TEM image was determined using ImageJ software to evaluate the average diameter of the particle [5]. Figure 1 presents TEM images of the nanoparticles suspended in the lubricant. The TEM images for nanolubricants with nanoparticles (Al2O3, SiO2, and Al2O3-SiO2) are shown also. From the ImageJ analysis, the average diameter for Al2O3 and SiO2 nanoparticles was ±13 and ±30 nm, respectively. The sizes were confirmed in agreement and consistent with the data provided by the manufacturer. Both nanoparticles were observed in a spherical shape. In addition, the dispersion state for Al2O3 and SiO2 nanoparticles in PAG lubricants was also found in good condition with minimal agglomeration, as shown in Figure 1. However, further quantitative evaluation of stability is required to confirm the actual dispersion conditions of the present nanolubricants using zeta potential and UV-vis measurements.
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Nanolubricants are considered unstable fluids due to their solid–liquid interactions. Time and temperature during storage and operation can significantly influence their physical characteristics, chemical properties, and stability. The difference in density between the nanoparticles and the lubricant contributes to the stability of the nanolubricants [27]. Over time, nanoparticles will agglomerate and form larger clusters with variable relative densities. These clusters will sink and settle due to gravity when they have a higher density than the lubricant.



The stability of DEC PAG-based nanolubricants was evaluated using zeta potential and UV-vis measurements. The zeta potential provides information about the charge on the nanosurface emulsion. It is often used as an indicator of stability, with a zeta potential more significant than 60 mV indicating excellent stability [28]. The zeta potential was measured using an Anton Paar zeta potential analyzer (Litesizer 500), and the UV-vis measurements were taken using a UV-vis spectrophotometer (Genesys 50).




2.3. Shear Flow Curve and Viscosity Study


In this study, the kinematic viscosity and shear flow curve of nanolubricants were measured at 10 °C increments from 0 °C to 100 °C using a rotating rheometer. The measurements were performed using Anton Paar viscometers (RheolabQC), which have a range of 1 to 109 mPa·s. The double-gap measurement method was employed to evaluate the viscosity of the nanosuspension. The RheolabQC has a servo motor and a high-resolution digital encoder, improving measurement accuracy, especially for low viscosity at low speeds. The encoder records the rotational speed of the measuring bob, and the motor torque sensor measures the viscous drag created in the opposite direction of the measuring bob. The motor current, which is proportional to the torque, is used to calculate the sample’s viscosity.



During the verification process, distilled water was used, and each shear flow curve test was performed using a new sample. The sample was allowed to settle for five minutes before the test to ensure a more precise temperature readout. A regression model for the dynamic viscosity of nanolubricants was developed using the average results of the tests. The viscosity index was calculated according to ASTM D2270 and ISO 2909, and it indicates how well the lubricant maintains its viscosity and lubrication across a temperature range. The viscosity index is a unitless value, and it is an essential factor in determining the lubricant’s performance.




2.4. Tribology Study


In this study, the tribological performance of nanolubricants was measured using the Koehler four-ball tribotester. The conditions for the tribology testing are summarized in Table 3 and were conducted following the ASTM D4172 standard. The experiment was performed at a speed of 1200 ± 60 rpm with a load of 40.0 ± 0.2 kg for 60 min. An automatic temperature controller was used to regulate and maintain the operating temperature at 75 °C to keep the lubricants at a constant temperature. The test balls used were chromium steel grade G20 balls with a diameter of 12.7 mm and a Rockwell C hardness of 60 ± 1. New steel balls were used for each test. The testing began with pure lubricant and progressed to nanolubricants with different concentrations and component ratios. The friction torque was recorded for both the pure lubricant and the nanolubricants, and the coefficient of friction (COF) was calculated using Equation (3) for each experimental condition. The COF is a measure of the friction between two surfaces, and it was calculated by dividing the friction torque by the normal load. The friction torque, Nm−1, is equal to the normal load, kg, multiplied by the friction coefficient:


  μ = 2.23004  τ   F N     



(3)








2.5. Apparatus Reliability Analysis


The Anton Paar viscometers were precalibrated [29] at the manufacturer’s factory according to ISO 17025. Before measuring the test fluids, the experimental data were compared to the reference fluid to check the accuracy of both apparatuses. The reference fluid for this purpose was viscosity standard fluid N10 supplied by Anton Paar, which gives 280 mPa⋅s at 20 °C. The standard fluid at 20 °C was measured to be 281.1 mPa⋅s, which is only a 1.1 mPa⋅s difference from the standard value, confirming that the instrument was functioning correctly. The zeta potential analyzer, UV-vis, and rotating viscometer data were collected individually. The fractional uncertainty formula was used to compute the expanded uncertainties for all measured parameters in the current investigation. Table 4 summarizes the uncertainties for the zeta potential, UV-vis, viscosity, nanoparticle concentration, and all other measurements.





3. Results and Discussion


3.1. Stability


The zeta potential analysis was done before the UV-vis and visual sedimentation observation. The Al2O3/DEC PAG, SiO2/DEC PAG, and Al2O3-SiO2/DEC PAG nanolubricants showed zeta potential values of 80.4 mV, 82.6 mV, and 140 mV, respectively, indicating excellent stability. A high zeta potential describes a strong electrokinetic potential layer between nanoparticles, thus preventing agglomeration. Based on the visual observation, no deposition was visible for any nanolubricant. As depicted in Figure 2, the concentration ratio of all three nanolubricant samples decreases at a specific level over six months at a slow pace. The concentration ratio decreases in the first 100 days because particles continue to agglomerate, although at a low pace. Compared to the initial concentration, the Al2O3-SiO2/DEC PAG sample can sustain an average concentration ratio of 0.77, followed by Al2O3/DEC PAG and SiO2/DEC PAG at 0.49 and 0.29, respectively. Throughout the test, the Al2O3-SiO2/DEC PAG and Al2O3/DEC PAG samples demonstrate a minimal change of concentration ratio, indicating good stability. However, when the sample reaches 100 days, the agglomeration rate is low and more stable. This condition is due to the strong repulsion between particles, as shown by the zeta potential value, which causes the density difference between the nanoparticle clusters and the DEC PAG lubricant to be insignificant.




3.2. Shear Curve


Figure 3 shows the viscosity of the nanolubricants at different shear rates from 0 to 900 s−1 for temperature variations up to 100 °C. The figure presents the dynamic viscosity variation with the shear rate at 0.05% volume concentration for the DEC PAG base lubricants, Al2O3/DEC PAG, SiO2/DEC PAG, and Al2O3-SiO2/DEC PAG nanolubricants. All nanolubricants in the present study behaved as Newtonian fluids. The general characteristics of Newtonian fluids are described as fluids with viscosity independent against shear stress changes. They exhibited Newtonian behavior at high shear rates (higher than 50 s−1) and above. At low shear rates (0 to 50 s−1), the nanolubricants displayed shear thickening characteristics (increased viscosity with increasing shear rate). This behavior is typical of most lubricants. Lubricants are often more viscous than water to keep an active layer of film on the surface of the compressor, hence minimizing friction between the moving surfaces. The shear-thickening phenomenon at lower speeds may change particle orientation and lead to agglomeration integration. If aggregates are present, nanoparticles and lubricant molecules tend to establish a tighter link, increasing the apparent viscosity of nanolubricants. The AAC system is controlled by a thermostat or pressure sensors, and frequent compressor startups will occur. However, suitable lubricants should have only modest shear thickening capabilities to allow the compressor to run with less power during the early rotation cycles. According to the standard in Table 2, the dynamic viscosity for PAG ND12 lubricants at 40 and 100 °C was 40.13 and 8.25 mPa.s, respectively. Meanwhile, the dynamic viscosity of nanolubricants at 40 and 100 °C was measured in the range of 39.63 to 40.83 and 8.55 to 9.10, respectively. Therefore, the dynamic viscosity variation for nanolubricants is within the acceptable range for application in a compressor of AAC-R1234yf systems.



Figure 4 presents the shear curves of PAG base lubricants, Al2O3/DEC PAG, SiO2/DEC PAG and Al2O3-SiO2/DEC PAG nanolubricants at a temperature of 0 to 100 °C. The figure shows the shear stress properties with linear relation against shear rate. The linear trends apply for DEC PAG base lubricant and all nanolubricants. Figure 4 shows no shear thickening since shear stress rose proportionately to the shear rate. In other words, the viscosity of nanolubricants remains unchanged no matter how much force is applied to flow through the pipe or channel. In addition, the slope of the graph in the figure represents the viscosity of nanolubricants, and it strongly depends on the temperature. At low temperatures, the slopes are considerably high to denote the high viscosity of fluids and vice versa for high temperatures. Figure 3 and Figure 4 show that the Al2O3/DEC PAG, SiO2/DEC PAG, and Al2O3-SiO2/DEC PAG nanolubricants retain the Newtonian properties for temperatures from 0 to 100 °C and follow the behavior of the original DEC PAG base lubricants. No significant changes in the trend lines and slopes were observed in the graphs when dispersing with different types of nanoparticles into PAG lubricants.




3.3. Dynamic Viscosity Evaluation


The dynamic viscosity variation for Al2O3/DEC PAG, SiO2/DEC PAG and Al2O3-SiO2/DEC PAG nanolubricants at various temperatures is shown in Table 5. The viscosity in the figures decreased with increasing temperatures. Similar trends apply to all types of nanolubricants. This is due to the weak intermolecular attraction between DEC PAG molecules and nanoparticles at higher operating temperatures [30]. Temperature increases lead to decreased flow resistance between molecules and rotating measuring cups, which causes viscosity to decrease. The current findings align with those of earlier studies in the literature [31,32]. The viscosity also increased as the volume concentration of nanolubricants rose. This trend is caused by increased flow resistance brought on by the concentration of nanoparticles in nanolubricants.



Figure 5 shows the relative viscosity enhancement for the nanolubricants at various volume concentrations and temperatures. The dynamic viscosity enhancement was increased with volume concentration and applied to all nanolubricants. The results also revealed that the increment in the viscosity for Al2O3/DEC PAG nanolubricants was more dominant than for SiO2/DEC PAG nanolubricants and occurred for all volume concentrations and temperatures. The Al2O3/DEC PAG nanolubricants were increased by an average viscosity of up to 3.56% higher than the SiO2/DEC PAG nanolubricants, with an average increment of 1.88%. It has been demonstrated that the type of nanoparticles and their combination significantly impact the dynamic viscosity of the nanolubricants [12,33]. The Al2O3 nanoparticles are characterized by a higher density than SiO2 nanoparticles, despite their smaller particles, justifying the finding. Consequently, Al2O3/DEC PAG nanolubricants contain more nanoparticles for a similar volume concentration, resulting in a higher viscosity increment than SiO2/DEC PAG nanolubricants.



Interestingly, the average increment of viscosity for Al2O3-SiO2/DEC PAG hybrid nanolubricants was 2.74% higher than DEC PAG lubricants. As was previously observed, the viscosity of the Al2O3/DEC PAG and SiO2/DEC PAG nanolubricants increased. In this instance, it was discovered that hybrid nanolubricants are at the center of this trend. This finding is due to using an 80:20 composition ratio of Al2O3 and SiO2 nanoparticles to prepare Al2O3-SiO2/DEC PAG hybrid nanolubricants. As a result, the viscosity of hybrid nanolubricants did not increase too much, even at the same volume concentration. These results occurred due to the complementary qualities of the two mono-component nanoparticles [12,34]. However, no clear relationship was observed for the viscosity increments at different temperatures. The viscosity increment was generally increased with increasing temperature and applied to all nanolubricants.



Regression models were developed using the present experimental data for the dynamic viscosity of nanolubricants. The theory for the viscosity of nanofluids (in the present study referring to nanolubricants) remains a hot topic of discussion among researchers. The nanofluids do not behave like ordinary two-phase liquid mixtures. Many factors need to be considered, such as shape, size, and type of nanoparticles, and the nature of the base fluids that may affect the viscosity behavior of nanofluids [35]. For hybrid nanofluids with combinations of different nanoparticles, the composition ratio for each nanoparticle in the base fluid significantly affects the viscosity properties [32]. Therefore, to date, no single model can predict viscosity for various types of nanofluids. Figure 6 presents the comparison between the viscosity estimated by the correlation from Pak and Cho [36], Brinkman [37], and Wang et al. [38] with the experimental data from the present study. It can be seen that the estimation from Brinkman [37] and Wang et al. [38] correlations can accurately predict the viscosity of Al2O3/PAG nanolubricants at high temperatures. However, these correlations are overpredicted and underpredicted for the viscosity of Al2O3/PAG nanolubricants at low temperatures. On the other hand, the estimation from Pak and Cho [36] overpredicted the viscosity of Al2O3/PAG nanolubricants at all temperatures. Therefore, it is necessary to develop a regression model to estimate the dynamic viscosity of the present nanolubricants.



According to the previous model, the dynamic viscosity of different nanoparticles in PAG lubricants can be expressed as a function of volume concentration and temperature [39]. The regression model in Equation (4) was developed to estimate the dynamic viscosity of Al2O3/PAG, SiO2/PAG, and Al2O3-SiO2/PAG at different volume concentrations and temperatures. The constants (A and B) in dynamic viscosity Equation (4) are shown in Table 6. The constant (A and B) is generated using the least-squares method, a statistical procedure to find the best fit for a set of data points by minimizing the sum of the offsets or residuals of points from the plotted curve. The equation can predict the dynamic viscosity of Al2O3/PAG, SiO2/PAG, and Al2O3-SiO2/PAG nanolubricants at volume concentrations of 0 ≤ ϕ ≤ 0.1% and 0 ≤ T ≤ 100 °C. The comparison between the experimental data and the estimated value of dynamic viscosity from Equation (4) is presented in Figure 7. From the figure, the equation can predict the dynamic viscosity of the present nanolubricants within ±2% difference from the experimental findings.
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From regression Equation (4), a suspension containing nanoparticles in a particular volume concentration,  ϕ  will affect its viscosity. The addition of nanoparticles into the PAG lubricants will increase the fluid’s internal resistance, which results in the thickening of the nanolubricants. The viscosity will increase by adding nanoparticles to a specific volume solution. However, high temperatures will reduce the viscosity of nanolubricants. The rise in temperature decreases the fluid’s intermolecular forces, decreasing its resistance and viscosity [30]. Nonlinear equations are used in developing the present regression model because of the steady increment for viscosity with temperature and concentration according to the data from the experiment. A dimensionless unit of effective viscosity ratio,    μ r    is the ratio of nanolubricants viscosity and PAG lubricants viscosity at a given temperature and concentration. The right-sided expression is divided by the maximum temperature and the maximum percentage of viscosity to maintain a dimensionless unit on the right side of the equation.




3.4. Viscosity Index Evaluation


Figure 8 shows the viscosity index for DEC PAG lubricants, Al2O3/DEC PAG, SiO2/DEC PAG, and Al2O3-SiO2/DEC PAG nanolubricants at different volume concentrations. In the figure, the viscosity indices for all nanolubricants were improved up to 6% higher than the original DEC PAG lubricants. The improved viscosity index suggests that nanolubricants can perform better than the original DEC PAG lubricants when operating under variable temperature conditions due to minimal viscosity changes at a given temperature. This attribute is essential for lubrication applications, especially during an operation inside an AAC compressor. The viscosity index is closely related to the viscosity. The increment in the viscosity index is due to the viscosity increase when nanoparticles are dispersed in DEC PAG lubricants. With a higher viscosity index, nanolubricants can enhance engine lubrication at any temperature, whether it is during a cold start or the compressor’s maximum operating temperature. Similar results were also presented by a previous study in the literature [40]. The high viscosity index thickens the lubricants, particularly at high operating temperatures. Nanolubricants’ lubricating effects can be extended to a wide range of temperatures and are helpful for AAC compressors.



The Al2O3/DEC PAG nanolubricants were performed with the highest viscosity index at 0.05% volume concentration compared to SiO2/DEC PAG and Al2O3-SiO2/DEC PAG nanolubricants. However, at a low volume concentration of 0.01%, SiO2/DEC PAG and Al2O3/DEC PAG nanolubricants were recorded with a low viscosity index compared to Al2O3-SiO2/DEC PAG hybrid nanolubricants. The high viscosity increments for Al2O3/DEC PAG nanolubricants resulted from the rise of the viscosity index, especially at high volume concentrations. Nevertheless, all types of nanolubricants recorded an almost equivalent viscosity index higher than PAG lubricants at 0.03% volume concentration. According to the manufacturer of Anton Paar viscometers, the viscosity index for glycol oil type is 200 to 220 [29]. Meanwhile, the viscosity index of nanolubricants for the present study is 217.9 to 230. This finding confirms that using nanoparticles in PAG lubricants can potentially enhance the viscosity index. High viscosity index is highly recommended for lubricants to perform with a more stable lubricating film over a wide range of operating temperatures.




3.5. Coefficient of Friction


The coefficient of friction (COF) versus sliding time for various nanolubricant concentrations is shown in Figure 9. The results show that the COF remains stable over the 1800 s of sliding time, which can be attributed to the influence of the heater that maintained the temperature of the lubricant throughout the testing. However, the running-in duration exhibits slight variations, likely due to the four balls’ vigorous spinning during the friction process. Figure 9a,c reveal that the COF starts to decline only when the volume concentration of the nanolubricant reaches 0.03% compared to DEC PAG. Conversely, Figure 9b shows that the SiO2/DEC PAG nanolubricant results in a decrease in COF at volume concentrations of 0.01% and 0.03% but an increase in COF at 0.05% compared to DEC PAG. These results indicate that using nanoparticles can reduce COF, but only at specific concentrations. For example, the average volume concentration of 0.01% decreases COF by 3.6% and 8.1% for Al2O3/DEC PAG and Al2O3-SiO2/DEC PAG nanolubricants, respectively. The decrease in COF in nanolubricants is generally attributed to nano-sliding, which enhances the sliding contact between two surfaces [41]. The slight increase in COF observed at high concentrations of 0.05% is considered negligible, given that the COF of the base lubricant is already low. This increase in COF can be explained by the increase in viscosity, which raises the shear force of the liquid and increases the effort required to move the sliding surfaces. In the future, more research is needed to gain a deeper understanding of this behavior, particularly about nanolubricants.





4. Conclusions


The studies of the effects of nanoparticles on the shear flow curve, viscosity, and coefficient of friction of the Al2O3/DEC PAG, SiO2/DEC PAG, and Al2O3-SiO2/DEC PAG have been summarized comprehensively in this paper. The following remarks can be extracted from the present review.



	
The rheological studies showed that the nanolubricants in the present study retain Newtonian behavior similar to the original lubricants.



	
The dynamic viscosity of all nanolubricants increases, although the viscosity increment is minimal. The SiO2/DEC PAG has the lowest increment of velocity (1.88%), followed by Al2O3-SiO2/DEC PAG and Al2O3-SiO2/DEC PAG (2.74% and 3.56%).



	
The viscosity index of all nanolubricants was better only at higher concentrations.



	
The nanoparticle additives can improve the coefficient of friction of DEC PAG lubricant. However, additional studies need to be conducted to study rheology in depth and factor in the enhancement mechanism in the tribology of the nanolubricant.
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Figure 1. TEM images of nanolubricants at different magnifications. 
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Figure 2. Concentration ratio of nanolubricants with sedimentation time. 
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Figure 3. Dynamic viscosity and shear strain rate characteristics of PAG and nanolubricants at 0.05% volume concentration. 
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Figure 4. Shear stress and shear strain rate characteristic of PAG and nanolubricants at 0.05% volume concentration. 
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Figure 5. Dynamic viscosity increment of Al2O3/PAG, SiO2/PAG and Al2O3-SiO2/PAG nanolubricants at different volume concentrations. 
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Figure 6. Comparison between experimental data and correlations from the literature [36,37,38]. 
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Figure 7. Comparison between viscosity experimental data and regression equation for different nanolubricants. 
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Figure 8. Viscosity index for various types of nanolubricants compared to Booser [1]. 
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Figure 9. Coefficient of friction of nanolubricants at different volume concentrations. 
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Table 1. Physical properties of nanoadditives [22,23].
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	Properties
	Al2O3
	SiO2





	Color
	White
	White



	Purity (%)
	99.9
	99.9



	Density (g/cm3)
	4
	2.22



	Structure
	Spherical
	Spherical



	Average size (nm)
	13
	30



	Molecular mass, g·mol−1
	101.96
	60.08



	Specific heat, J·(kg·K)−1
	773
	745



	Thermal conductivity, W·(m·K)−1
	36
	1.4
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Table 2. Chemical and physical properties of the double-end-capped PAG ND12 lubricant [24].
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	n
	Properties
	Value





	1
	ISO viscosity grade
	46



	2
	Dynamic viscosity at 40 °C (mPa·s)
	40.13



	3
	Dynamic viscosity at 100 °C (mPa·s)
	8.25



	4
	Viscosity index
	216



	5
	Density at 15 °C (g/cm3)
	0.988



	6
	Flash point (°C)
	−45
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Table 3. Chemical and physical properties of the double-end-capped PAG ND12 lubricant [24].
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Standard

	
Test Conditions




	
Speed (rpm)

	
Standard

	
Speed (rpm)

	
Standard






	
ASTM D4172 Wear characteristic Test

	
1200 ± 60

	
40.0 ± 0.2

	
60 ± 1

	
75 ± 2
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Table 4. Summary of fractional uncertainty analysis.
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Parameters

	
Range of Instrument

	
Values Measured

	
Lease Division in Instrument

	
Fractional Uncertainty (%)




	
Min

	
Max

	
Min

	
Max






	
Nanoparticle weight [g]

	
0 to 200

	
0.005

	
0.1001

	
±0.0001

	
0.1

	
2




	
Lubricant volume [mL]

	
1 to 50

	
100

	
100

	
±1

	
2

	
2




	
Volume concentration [%]

	
-

	
0.01

	
0.05

	
-

	
1.41

	
1.68




	
Zeta potential [mV]

	
0 to 1000

	
80.4

	
140

	
±0.1

	
0.07

	
0.12




	
Absorbance (UV-vis)

	
0 to 3

	
0.011

	
3

	
±0.001

	
0.03

	
9.1




	
Shear rate, ε [s−1]

	
0.01 to 4000

	
2.15

	
1070

	
±0.01

	
≈0

	
0.47
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Table 5. Dynamic viscosity of Al2O3/PAG, SiO2/PAG and Al2O3-SiO2/PAG nanolubricants at different volume concentrations.
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Temperature

(°C)

	
Al2O3/PAG

	
SiO2/PAG

	
Al2O3-SiO2/PAG

	
Al2O3/PAG

	
SiO2/PAG

	
Al2O3-SiO2/PAG

	
Al2O3/PAG

	
SiO2/PAG

	
Al2O3-SiO2/PAG




	
Vol (%)




	
0.01

	
0.03

	
0.05






	
0

	
286.37

	
283.86

	
286.37

	
288.67

	
285.47

	
288.94

	
290.54

	
285.58

	
291.66




	
10

	
158.06

	
157.14

	
158.06

	
160.13

	
158.10

	
159.48

	
160.43

	
157.95

	
160.96




	
20

	
92.58

	
92.33

	
92.58

	
93.90

	
92.51

	
93.59

	
94.31

	
92.58

	
94.40




	
30

	
58.81

	
58.87

	
58.81

	
59.84

	
58.79

	
59.42

	
60.24

	
58.99

	
60.04




	
40

	
39.70

	
39.63

	
39.70

	
40.45

	
39.72

	
40.16

	
40.83

	
39.84

	
40.54




	
50

	
28.31

	
28.21

	
28.31

	
28.84

	
28.32

	
28.61

	
29.20

	
28.40

	
28.91




	
60

	
21.22

	
20.97

	
21.22

	
21.50

	
21.11

	
21.28

	
21.83

	
21.16

	
21.52




	
70

	
16.35

	
16.14

	
16.35

	
16.57

	
16.33

	
16.39

	
16.90

	
16.38

	
16.60




	
80

	
12.73

	
12.78

	
12.73

	
13.17

	
12.99

	
12.98

	
13.46

	
13.00

	
13.18




	
90

	
10.40

	
10.36

	
10.40

	
10.71

	
10.56

	
10.53

	
10.97

	
10.57

	
10.73




	
100

	
8.70

	
8.55

	
8.70

	
8.89

	
8.74

	
8.67

	
9.10

	
8.77

	
8.89
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Table 6. Dynamic viscosity correlation model’s coefficient.
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	Nanolubricants
	A
	B
	Average Deviation (%)
	Standard Deviation (%)





	Al2O3
	77.00
	0.0250
	0.89
	0.67



	SiO2
	28.25
	0.0200
	0.73
	0.49



	Al2O3-SiO2/PAG
	61.07
	0.0175
	0.61
	0.44
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