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Abstract


The tribological performance of nanolubricants in electric drivetrains has gained attention due to the rapid growth of electric vehicles. Nanomaterials, especially those with high thermal conductivity and low electrical conductivity, are favored as lubricant additives for use in electrical conditions. Low-viscosity lubricants, known for their good thermal conductivity, are increasingly being considered for electric powertrains. Combining appropriate nanomaterials with lubricants can optimize nanolubricants for electric drivetrains, with stability, tribocorrosion, and electro-viscosity being key factors. Traditional tribometers, when modified to apply external electrical power, allow testing of nanolubricants under electrical conditions, providing insights into their behavior with positive and/or negative electrical charges. To achieve accurate and stable results, tribological test systems must be adapted, requiring well-isolated rigs for controlled data collection. This adaptation enables a better understanding of the interaction between nanomaterials and surfaces under lubrication. This paper reviews studies that use modified tribometers to analyze nanolubricant performance under mechanical and electrical conditions and explores the effects of electrical and thermal factors on lubricant properties, nanomaterials, and their mechanisms under triboelectric conditions.
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1. Introduction


In the field of tribology, lubricants are mainly used to protect equipment from wear and to maintain surface quality. More improved lubrication is required to meet the progressively stricter operating conditions of future mechanical components. In recent years, the electrification of industries such as transportation and power generation has rapidly advanced, driven by the growing demand for energy-efficient and environmentally friendly solutions [1]. Today, the presence of electrical conditions in most industrial applications has contributed to a new concept of studying tribological matters [2]. Electric vehicles (EVs), wind turbines, and electric machinery are examples of systems that now rely heavily on electrified components for their operation. In these systems, lubricants play a crucial role in minimizing friction, wear, and energy losses between moving parts [3]. However, the introduction of electric fields, electromagnetic interference, and variable thermal conditions in these electrified environments can significantly alter the behavior of traditional lubricants. In addition, continuous improvements of E-mobility technologies require advanced development in lubrication for electrical compatibility, thermal management, and material adaptability. For instance, lubricants used in the electrical drive unit (EDU) in an EV require extremely low viscosity [4], friction reduction at high speeds that could reach 30,000 rpm [5,6], high temperatures that could extend to 453.15 K [7], and compatibility with materials such as copper and advanced polymers. For the same lubricant, the tribological environment around the mechanical components in an EV is more severe than that in an internal combustion engine (ICE) vehicle due to tougher operating conditions such as high speed, high temperature, and extremely fluctuating electric and magnetic fields. The performance of lubricants in electrified systems is influenced not only by mechanical forces but also by electric fields and charge distributions which can induce undesirable effects like electrostatic discharge, surface pitting, and the deterioration of lubricant properties over time [8]. Therefore, the development of advanced lubricants capable of functioning under such conditions has become an increasingly important area [9]. In EVs, high torque is generated on mechanical bearings mainly at start-up when the motor provides full power and during regenerative braking during downhill motion that causes wear issues [10]. Significant types of damage can occur on metal/polymer surface materials, such as degradation, oxidation, and corrosion-associated tribology effects, such as abrasion, fatigue, and wear [11,12], besides reducing the efficiency of the electric motor [13]. A successful lubricant used in EVs must have adequate critical properties. For example, lubricants used in EDUs will not only play a role in lubricating the moving parts but also for thermal and insulation purposes. Newly developed lubricants must follow a proper, adapted technique and specific requirements. The optimization of lubricant properties contributes to successful development of EV lubrication systems. Among other required lubricant properties, electrical properties are one of the most important. EVs are powered by batteries that output a single direct current (DC) voltage; pulse-width modulation is used to provide speed control; and inverters quickly convert the voltage input to the motor [14,15]. With the lack of full pulse-modulated consumption, the rotor of the motor leaks electric current running across the bearings to the ground. Tribo-pairs inside bearings can act as capacitors when the lubricant impedance is high. There will be a significant current surge as the voltage between those tribo-pairs rises until it hits the lubricant film’s breakdown voltage. Without adequate moderation, it may harm electric vehicles mechanically as well as electrically. Both electrical impedance and dielectric strength are important parameters to control the strength of current surges; the first determines the electric conductivity across the lubricated tribo-pairs and the second is responsible for the breakdown voltage [16]. Large heat levels can be produced by EVs’ changing driving cycles, which can have an impact on the engine, power electronics, and battery pack [6]. Figure 1 shows a summary of several parts that can be affected by electrical discharges, which can impact lubricants. Excellent candidates for lubricating these systems and dissipating the excess heat produced are lubricants with excellent lubricity and cooling properties [17]. Such lubricants include hydro lubricants, commercially available automatic transmission fluids (ATFs), and nanolubricants [4,18,19].



Nanomaterials have unique physicochemical properties have shown great promise as additives in lubricants and played a significant role in anti-friction, anti-wear, anti-corrosion, oxidation stability enhancement, and foaming [20]. However, in electrified systems, a variety of factors, including temperature changes, electromagnetic noise, and the strength and direction of electric fields, can affect how nanomaterials behave. These elements may have an impact on how nanomaterials diffuse within the lubricant, interact with metal surfaces, and sustain their structural stability over time. Optimizing the tribological properties of lubricants is crucial, especially with the growing use of electrified technologies. This requires an understanding of the impact of nanomaterials in these situations. The advancements made in the utilization of various types of nanomaterials as lubricant additives, particularly for electrified situations, will be examined in this paper, in addition to the adaptation of current tribometers by an external power supply to study the tribological properties of nanolubricants for achieving their full potential in cutting-edge lubrication systems under electrified conditions.




2. Electrified Traditional Tribometers


Studies were conducted by Muralidharan et al. [21] on the expression of various tribological test equipment, processes, measurement variables, results and analysis, implementation, standards, and limits of various tribometers that are available. The study lays the groundwork for future developments in tribological sciences by offering a basis of tribometers with various configurations for well-informed decision-making in industrial applications and tribological studies. The addition of electrical charges to the test rig is one of the advancements in tribological studies compared to conventional tribometers to investigate the performance of lubricants.



The effect of electrical currents and voltages on the tribological behavior of lubricated contacts was investigated using a variety of triboelectrochemistry techniques which proposed that these variables could alter the lubricity properties of the lubricants via the adsorption or desorption of polar additives as well as the stimulation or reduction of redox reactions with oxygen at the interaction surface [22,23]. These outcomes lead to better understanding of the original mechanisms but still a deep and accurate understanding of the modern and unique formulations of lubricants and nanolubricants for EVs is a demand. Aguilar-Rosas et al. [24] showed the significant change in the tribological performance of four different lubricants (group 2 base oil, gear oil API GL-5 (SAE 80-W90), and two ATFs (Dexron® III and Mercon® V)) under the application of DC currents during a four-ball modified testing tribometer (the popular four-ball ASTM-D4172 standard method) compared to the traditional test rig (without electric currents charges). This indicates that current available test methods on traditional tribometers can be developed by certain modifications involving electrical charges to the test rig and considered as a quick alternative for testing EV fluids under both mechanical and electrical conditions at the same time.



Mechanical and electrical conditions in tribology are two different factors that influence friction, wear, and lubrication at contact interfaces. Mechanical circumstances include parameters such as load, speed, and surface roughness, all of which have a direct impact on the physical interactions and stress distributions between surfaces in contact. These factors influence the amount of deformation, adhesion, and abrasion that occurs during sliding or rolling motions. Electrical conditions, on the other hand, are concerned with the impact of electrical fields or currents on tribological processes. Electrochemical reactions, electron tunnelling, and Joule heating are examples of processes that can affect surface characteristics, influence lubricating film generation, and change wear mechanisms. Understanding mechanical and electrical conditions is critical for maximizing the performance and longevity of tribological systems in a variety of applications, ranging from mechanical engineering to biomedical devices [25].



Figure 2 shows a simple way to modify a traditional tribometer to an electrified one. The electrical charges are supplied by an external source and the test rig is insulated from its upper and lower part to allow the tribometer to function normally. Some studies have been carried out to study the behavior of nanolubricants in tribology using modified tribometers with and without insulation [18,26,27,28].



The isolation of the test rig by applying electric insulations at the upper part (at the arm level) and the lower part (at the base level) is needed in order to make sure that the potential provided will flow only through the lubrication film and not to other unrelated components of the tribometer especially when measuring at surfaces of high conductivity such as steel and also to prevent any electrical damage to the electrical components of the tribometer. Such insulating materials (such as polymers and ceramics need to have high thermal conductivity to allow accurate adjustment of the desired test temperature and, nevertheless, be heat-resistant to survive at high temperatures [29]. Moreover, some traditional tribometers measure the coefficient of friction by means of vibration sensors [30]; any undesired potential flowing outside the lubricant film contact to the tribometer components can impact its measuring accuracy. Recently, Chen et al. [31] introduced a new rotating conductive joint design with an inner and outer raceway and a rolling ring for improved current transmission. They explored its tribological (friction and wear) and conductive performance under currents up to 20 A, finding that increased current density (419 A/mm2 at 20 A) led to higher friction and wear. Microscopy and electron backscatter analysis showed both hardening from frictional heat and softening from electroplasticity. The interplay between these effects resulted in maximum surface hardness at a current of 5 A. In addition, a study was performed by Cao-Romero-Gallegos et al. [32] using a two-electrode cell-based pin-on-disk set-up instrumented with ultrasound equipment for running unelectrified and electrified sliding tests and measuring film thickness under wet and dry lubrication. A mineral oil and a gear oil were used as lubricants in sliding steel-to-steel contact. Three electric currents were charged, 0, 1.5, and 3 A, at certain speeds and loads (speed sweep: increasing velocity and keeping load constant and load sweep: increase load and keep velocity constant). The film thickness, coefficient of friction (COF), and electrical contact resistance (ECR) were measured during short experiments (30 s). The results indicate that charging DC currents via the contact alters film thickness, COF, and ECR. When electricity was applied at different speeds and loads, the film thickness showed notable changes. These changes were principally caused by a decrease in oil viscosity due to local heat, as well as surface oxidation from electrical discharge and interface disintegration. Moreover, Damien Khoo [33] carried out a case study using an electrified ball-on-disc tribometer equipped with AC and DC power sources to better understand how the charge of an electrical voltage or current can impact friction coefficient and wear. Two commercially available EV lubricants were used at 52100 alloy steel-to-steel contact. The COF increased significantly after applying direct electrical currents (0.059 at 0 A and 0.081 at 0.5 A). Then, a slight alteration was observed when increasing the number of charges (0.084 at 1.5 A and 0.083 at 3 A). On the other hand, wear scars were observed at an increased rate (up to 67%) under both electrified and unelectrified conditions. The wear scars generated by electrification produced spark pits due to electrical erosion during sliding contact. Additionally, electrical charges can soften the material, leading to a higher degree of third-body abrasive wear during mechanical scraping. Furthermore, Lee et al. [29] introduced an electrically modified tribometer having a block-on-ring configuration to perform friction and wear measurements under a fixed DC current (4 A) and variable temperatures (298.15 to 393.15 K), loads (15 to 90 N), and rotational speeds (500 to 8000 rpm) for driveline EV lubricants. The tests were conducted using three different commercial lubricants (two automatic transmission fluids and a gear oil). After performing several tests, varying load, temperature, and speed, the outcome of this research shows that the presence of an electrical voltage and/or current can increase wear on tribo-pairs bearing in mind that the scale of wear on the worn surface is impacted by the lubricant type. AC and DC currents do not produce the same wear scar results. Additionally, wear was highly impacted by low and high temperatures in comparison to mid temperatures. Also, Kreivaitis et al. [34] explored the impact of electric voltage on lubricating conditions in a reciprocating sliding tribo-test by using a ball-on-plate reciprocating tribometer amended to apply electric currents to the friction pair. The coefficients of friction, wear, and surface morphology were obtained. Paraffin oil was used as lubricant for steel-to-steel contact. Both negative and positive charges were applied. The results indicated that the change in polarities can amend the tribo-film formation. In the case of applying negative voltage to the test rig, a significantly higher wear was observed at high temperature (353.15 K) whereas the negative voltage increased the COF at low temperature (303.15 K). Table 1 provides a quantitative summary of tested lubricants to evaluate their performance by measuring friction and wear with and without the application of electrical conditions.



The impacts of electrical conditions on friction and wear are complex; they require a comprehensive approach to experimental design and analysis. In some cases, they may enhance friction and worsen wear for instance by overwhelming adsorption additives on contact surface or oxidizing rubbing surfaces [22]. The adaptation of traditionally used tribometers by external electrical supply can aid in better understanding friction and wear by testing lubricants and nanolubricants under electrical conditions and thus optimizing their performance.




3. Properties of Nanomaterials


Nanomaterials have been studied widely in tribology; researchers are still working on exploring their types (carbon, metal, sulfide, metal oxides, polymer, nanocomposites…), dispersion stability, influencing factors on dispersion in lubricants, dispersion methods (physical, chemical, and others), morphology and particle sizes (one-dimensional nanomaterials, two-dimensional nanomaterials, three-dimensional nanomaterials), usage in different mechanical conditions, applications, and nanolubrication mechanisms (tribofilm, roll-bearing effect, self-repairing effect, polishing effect, and synergistic effect) [35,36,37,38,39,40,41,42,43,44,45,46,47]. All this progress illustrates the importance of nanomaterials used as additives in lubricants for enhancing tribological performance of drivetrains. The influence of nanomaterials was evaluated under mechanical conditions for wear and friction performance, since most applications were focused on internal combustion engines (ICEs) and traditional gearboxes. So, most previous tests lack the embedment of electrical impact due to its humble presence in industrial applications [40,48]. The current situation has encouraged researchers to involve electrical conditions in most studies of the tribological behavior of nanolubricants on different contact surfaces [22]. These nanomaterials, with their high surface area-to-volume ratio, ability to form protective films, and capacity to modify the mechanical and thermal properties of base oils, offer potential solutions to the challenges posed by electrified systems. For example, some nanomaterials can mitigate the detrimental effects of electrical discharges by improving the electrical conductivity of the lubricant, thus preventing the accumulation of static charges [49]. Others may act to strengthen the lubricant’s wear resistance, reducing surface damage caused by combined electrical and mechanical stresses [50]. The new involvement of electrical drivetrains needs more research toward the understanding of the behavior of nanomaterials as additives and their impact on worn surfaces taking into consideration the compatibility with all compounds in an electrical drivetrain. This provides a new understanding of the nanomaterials that were previously studied, in addition to new adaptation techniques that involve the electrical part to measure and study the overall lubrication system performance.



3.1. Thermal and Electrical Conductivities


Nanomaterials present properties that can change substantially as the size of the material approaches the nanoscale. This remarkable transformation is particularly significant when considering the electrical and thermal properties of nanomaterials for lubricant applications [51,52,53]. The electrical conductivity of a material is determined by its energy band structure. The valence band and conduction band are separated by the forbidden energy gap. Conductors have overlapping valence and conduction bands, allowing electrons to move freely. Semiconductors have a small energy gap that can be overcome by thermal energy, enabling some electrons to move to the conduction band and conduct electricity. Insulators have a large energy gap, preventing electrons from moving freely and thus inhibiting electrical conductivity [54,55,56]. Both thermal and electrical conductivities play significant roles in defining their classification. Figure 3a,b show the thermal and electrical conductivity of some nanomaterials used as additives in lubricants, respectively. Nanomaterials in lubricants must raise the thermal conductivity and specific heat capacity of nanolubricants to improve the overall thermal performance in electric drivetrains taking into account the thermal conductivity of the surface in contact; the temperature in the lubrication layer and consequently the viscosity of the lubricant is controlled by the thermal conductivity of the contact materials [57].



The classification of nanomaterials as insulators, semiconductors, semi-metals, or metals can also depend on external factors such as temperature, pressure, and doping. These factors can influence material properties, resulting in slight shifts in their positions on the scale under different experimental conditions or theoretical models. The reasons behind these changes are rooted in the unique behaviors of nanomaterials, such as quantum confinement, where at the nanoscale, the reduced dimensions can confine electrons, increase their energy levels, and alter the bandgap. For example, a bulk semiconductor might transition to an insulating quantum dot when reduced in size [61]. The surface effects in nanomaterials have a high surface-to-volume ratio, which affects electron scattering, phonon transport, and defect states. Increased surface states can significantly impact conductivity, which can be adjusted by variation in size, shape, and processing conditions [62,63,64]. Shape can alter a material’s dimensionality—such as transitioning from a 3D bulk material to a 1D nanowire or 2D nanosheet—which modifies its electronic band structure and thermal transport. For instance, graphene (2D) has distinct properties compared to graphite (3D) [65,66]. Doping and functionalization also can influence a nanomaterial’s conductivity, where introducing dopants or functional groups can shift the position of a nanomaterial on the scale by changing carrier density or electronic structure. For example, doping graphene can make it more metallic or semiconducting [67,68]. Nanomaterials also often exhibit temperature-dependent behavior due to enhanced thermal fluctuations at smaller scales, further influencing their placement on the insulation–semiconductor–semi-metal–metal scale. Furthermore, quantum confinement effects in nanomaterials influence their electronic band structure, potentially transitioning materials from insulator to semiconductor or even to metallic behavior with temperature variations. These changes arise because thermal fluctuations affect carrier mobility, phonon scattering, and energy band alignment [66,69].



In electric drivetrains of EVs, high temperatures are generated, demanding the need of ideal lubrication to maintain stability, prevent overheating, and ensure long lifespan of mechanical and electrical components. Moreover, among other electrical properties of materials (dielectric strength: low dielectric strength may affect the quality of electrical insulation, resulting in electrical problems or even potential safety risks; electrical impedance: high electrical impedance leads to electrical insulation and the flow of current; insulating properties: high insulation properties help maintain the integrity of electrical circuits and prevent short circuits or electrical leakage that could impact the vehicle’s performance; and corrosion resistance: good corrosion resistance can help protect electrical contacts and terminals from corrosion, ensuring reliable electrical connections and minimizing voltage drops or electrical failures) that play a big role in electric drivetrains, electrical conductivity is critical. Low electrical conductivity is essential to minimize electrical shorts and ensure the safe operation of electrical components whereas high conductivity leads to electrical malfunctions or damage to the vehicle’s sensitive electronics [39,70,71,72,73,74]. Bustami et al. [75] reviewed the conductivities of some lubricant materials and their tribological performances and showed that an understanding of how the lubricant conductivity affects the tribological properties is needed by studying the mix of materials electrically and thermally at the same time. Depending on their synthesis method, nanomaterials generally exhibit sizes ranging from a few nanometers to several hundred nanometers. The most common shapes include spherical particles, nanorods, platelets, and sheet-like structures, which are often determined by the material’s composition and processing conditions. The study of the combination of electrical and thermal properties of nanomaterials and their corresponding nanolubricants is still more complicated. The hybrid combination of different nanomaterials, for example one having high thermal conductivity and another low electrical conductivity can be successful to formulate a nanolubricant for EVs. For instance, Liñeira del Río et al. [76] studied the effect of a hybrid-formulated Mn3O4–graphene nanomaterial as additive to a G-III base oil (a paraffinic oil used in EV transmissions) resulting in friction reduction to up to 50% in comparison to the performance of the neat oil. The Mn3O4–graphene nanocomposite was prepared in a 1:1 proportion. The graphene has a purity >99.5%, thickness in the range of (0.35–1.2) nm, and size of 1–10 μm. The Mn3O4 nanoparticles, also with a purity >99.5%, have an average particle size of 30 nm. The Mn3O4 nanoparticles exhibit a spherical shape and are positioned between the graphene nanosheets, which display their characteristic laminar layers. A newly designed conductive (thermal and electrical) nanolubricant for tribological performance will provide higher efficiency for electrical drivetrains.




3.2. Thermophysical Properties of Nanolubricants Under Electrified Conditions


In recent years, the thermophysical properties of nanolubricants have been widely studied to enhance their tribological performance, particularly under dynamic conditions. Electrified tribometers, which apply an electric current or potential to the lubricated contact area, have become a valuable tool in studying how nanolubricants respond to electrical fields. The presence of current can significantly influence critical thermophysical properties, such as viscosity, thermal conductivity, and density, impacting the overall efficiency and wear performance of the lubricant in applications involving electrical or electromagnetic fields.



3.2.1. Influence of Electrical Current on Viscosity


The dynamic viscosity of nanolubricants is a critical property that determines fluid film formation and energy dissipation during lubrication. The influence of electric fields on magnetic nanofluids like Fe3O4–EG enhances the understanding of their viscosity behavior under varying field conditions. Monajjemi et al. [77] have revealed that under both DC and AC electric fields, the viscosity of these nanofluids decreases as the nanoparticle concentration increases (0.01–0.05% vol). The decrease is attributed to nanoparticle rotation and displacement within the fluid, boosting the nanofluid’s average velocity. Notably, viscosity reduction is more pronounced under a DC electric field due to its steady direction, compared to the frequently alternating AC field. For instance, under an electric field strength of 180 kV m−1, the viscosity of a 0.05% vol Fe3O4–EG nanofluid is reduced to 9.1 mPa·s under an AC field and further decreases to 8.85 mPa·s under a DC field. Oliva-Avilés et al. [78] investigated the dynamics of multiwall carbon nanotube (MWCNT) alignment inside viscous media using electric fields. In situ electrical current measurements were conducted during the application of an electric field to liquid solutions of deionized water or polymer solutions containing MWCNTs. The authors found that higher viscosity of the liquid medium yields slower MWCNT alignment, evidenced by a slower change in electrical current through the viscous system. Specifically, higher AC frequencies (e.g., ≥1 kHz) significantly accelerate MWCNT alignment, forming networks almost instantaneously under strong fields like 13.3 kVp–p m−1.




3.2.2. Influence of Electrical Current on Thermal Conductivity


Thermal conductivity is another essential thermophysical property influenced by the application of current. Electrically conductive nanoparticles, such as metallic oxides or carbon-based materials, facilitate heat transfer through enhanced phonon and electron transport mechanisms [79]. Under electrified conditions, nanolubricants may show a marked improvement in thermal conductivity as particles align or agglomerate due to electrophoresis. This enhancement in heat dissipation is particularly beneficial in electrically driven systems where overheating is a concern [75]. However, excess agglomeration may impede fluid flow and reduce overall lubrication efficiency, suggesting an optimal balance in nanoparticle concentration and electrical field application is necessary [3]. In this regard, Goti et al. [80] investigated how adding graphene nano-platelets (0.5–5%) to grease affects lubrication performance under severe conditions. In pin-on-disc tests, they monitored temperature, electrical contact resistance, friction, and wear. Results showed that moderate graphene levels improved lubrication by strengthening the film, reducing friction, and preventing scuffing. However, higher concentrations interfered with lubrication. While graphene influenced the grease’s thermal properties (a concentration of 5% GNPs increased the thermal conductivity of grease by up to 9%), it did not directly alter the thermal behavior of the sliding contact pair, suggesting optimal effects occur with controlled graphene amounts.




3.2.3. Influence of Electric Current on Corrosion


The study of the influence of electric current on the corrosion of nanolubricants is crucial for applications in various fields such as automotive, manufacturing, and renewable energy technologies. Sliding electrical contacts need to be lubricated by conductive lubricants to perform low energy dissipation, high reliability, and long service life.



Si et al. [28] investigated the effects of metallic nanoparticle (Cu and Ag) additives and room temperature ionic liquids (ILs) on the tribological performance of electric contacts. The research showed that Cu nanoparticles in ILs showed improved lubrication and anti-wear properties due to reduced electrocorrosion and enhanced rolling effects of nanoparticles. Cao et al. [81] investigated the thermal stability, anti-corrosion properties, conductivity, and tribological performance of various solid additives in multiply alkylated cyclopentanes (MACs). The study included carbon nanotubes (CNTs), multilayer graphene (MG), and silver (Ag) microparticles, focusing on their potential to enhance MAC lubricant formulations. All tested solid additives exhibited strong thermal stability and corrosion resistance. Cao et al.’s corrosion test involved immersing polished copper in lubricant at 423.15 K for 24 h, cleaning it afterward, and using a quantitative method to compare the corrosion resistance by measuring the color change of the copper block, with no obvious corrosion phenomena detected. In addition, CNTs and MG exhibited lower and more stable electrical contact resistance (ECR) and better lubricity than Ag microparticles. Totolin et al. [82] investigated how ferric oxide nanoparticles influence the lubricating qualities of passivating films on stainless steel (SS). The authors analyzed the tribo-electrochemical behavior of AISI 304 SS, using this material in a simulated chemical–mechanical polishing process. This evaluation was conducted in various electrolytes to understand the effects on SS surfaces in conditions that mimic polishing environments. The results revealed that ferric oxide nanoparticles (25 wt%) in combination with nitric acid (11 wt%) formed a stable passive film on stainless steel, providing excellent lubricating and anti-corrosion properties. Specifically, the inclusion of magnetic nanoparticles in the electrolyte led to a decrease in wear volume by up to 90%, thereby enhancing the lubrication performance and extending the lifespan of electrical contact components under electrical stress conditions. Furthermore, Bolotov et al. [83] introduced a new method for assessing corrosion activity of magnetic lubricants, considering chemical corrosion during friction and the influence of cyclic electric current and magnetic fields. In addition to corrosion resistance, boron compounds are noted for enhancing extreme pressure (EP) properties and oxidation stability in lubricants, contributing to improved protection under severe conditions. They help inhibit metal surface wear and extend the lifespan of machinery by forming protective layers that mitigate oxidation, corrosion, and friction, especially in high-temperature and high-load environments [5]. These compounds also provide excellent thermal stability and cooling capabilities, making them beneficial for heavy-duty applications where both cooling and EP properties are critical.



The ASTM G82-98 (2021) e1 standard provides information for the development and usage of galvanic series to predict galvanic corrosion performance as shown in Figure 4. The galvanic series for metals and alloys can help in understanding how materials will behave in corrosive environments, especially in applications involving electric currents, as in the study of nanolubricants for electrical contacts, and provides a practical reference to gauge the electrochemical compatibility of nanolubricant additives with the metals commonly used in electrical contacts. In the context of nanolubricants, corrosion behavior is critical because the introduction of electric currents can accelerate material degradation, particularly for metals with more negative potentials in the galvanic series, like magnesium and zinc. Metals with more positive potential, such as platinum and gold, are more resistant to corrosion. The additives discussed in recent studies, such as copper (Cu) and silver (Ag) nanoparticles, fall within this series, and their placement can help predict their corrosive interactions with other metals in lubricated electrical contacts. For instance, copper has a slightly more negative potential than silver, suggesting it might corrode faster under the same conditions if both are present in a lubricating system. Studies like those by Cao et al. [81] and Totolin et al. [82] explore the anti-corrosive capabilities of different solid additives, such as carbon nanotubes (CNTs) and multilayer graphene (MG), both of which are chemically stable and thus less prone to electrochemical degradation. These additives, along with certain nanoparticles, can form protective films on the metal surfaces, enhancing corrosion resistance and prolonging the service life of components under electric fields.






4. Tested Nanolubricants Under Electrified Conditions


Table 2 provides a summary of recent studies of nanomaterials used as additives in lubricants tested under electrified conditions by externally powered traditional tribometers. Researchers are more attracted to study synthetic lubricants that have low viscosity such as PAO6 and PAO4 due to their high thermal conductivity, in addition to carbon-based nanomaterials due to their high thermal conductivity and low electrical conductivity.



Table 3 summarizes the resulting outcomes of the studies summarized in Table 2. Quantitative data about the friction coefficient and wear scar are illustrated in the presence and absence of electrical conditions.



4.1. Low Sulfated Ash, Sulfur, and Phosphorus (SAPS) or SAPS-Free


Wear resistance and friction modification have been achieved using low-SAPS or SAPS-free additives, whereas little research has been conducted to develop such nanomaterials; nevertheless, several researchers are working on synthesizing new nanomaterials to be used as additives in lubricants limiting or eliminating SAPS levels [86,87]. The development of sustainable lubricants toward safe energy and improvements in efficiency, especially in hybrid and electric vehicles that demand more attention under tribo-electrical conditions, is needed. For instance, Qu et al. [88] worked on the synthesis of four kinds of N-containing heterocyclic borate esters and polyvinyl pyrrolidone-protected Cu microparticles. These nanomaterials were tribologically evaluated in an industrial white oil using a four-ball tribometer. An improvement in friction (42.7%) and wear was achieved. The European Automobile Manufacturers’ Association has established standards pertaining to the permissible limits of sulfur and phosphorus in engine oil, particularly for cars equipped with three-way catalytic converters and diesel particulate filters [89]. SAPS-free additives generally exhibit weaker anti-wear properties compared to their counterparts based on metals, phosphorus and/or sulfur, but the challenge toward developing such additives is still taken into account especially that nowadays more EV models are utilizing sustainable nanolubricants with “lifetime fill” or “fill for life” fluids, which never need to be changed for the duration of the vehicle [16,90]. He et al. [90] studied two categories of additives, bio-based amine derivatives and low-phosphorus polymeric anti-wear additives, to replace conventional alternatives such as ZDDP (zinc dialkyldithiophosphate). According to the authors, the additive design was based on phosphorus monomers positioned at the ends of the polymer, which can facilitate adsorption on metal surfaces, forming a wear-resistant tribofilm, and this lateral structure allows easier access to friction points, increasing the additive’s effectiveness in reducing wear without the need for large concentrations of phosphorus. The additives were tested with low-specification base oils often used in EV-specific applications. During the tribological tests, they demonstrated frictional behavior like ZDDP and up to 50% less wear in standard four-ball tests. This suggests that the polymeric additives maintain an excellent level of wear protection with less environmental impact and risk of corrosion of metals, especially copper, which is common in EV drive trains. The electrically conductive tests were performed using a dielectric conductivity meter, in temperatures of 303.15 K to 423.15 K. The results indicated a more stable conductivity in the polymeric additives, where the base oil without additives, at room temperature, practically presented values close to zero. When ZDDP was added, conductivity increased exponentially as the temperature increased, reaching 12,000 pS/m at 423.15 K, which can result in possible electrical discharge hazards.




4.2. Carbon-Based Nanomaterials as Additives


Ali et al. [26] studied the tribological behavior of the insulator nanomaterial, polydopamine-functionalized hexagonal boron nitride (h-BNO@PDA)(h-BN was purchased from Suzhou Yanami Materials Technology Co., Ltd., Suzhou, China and PDA from Energy-Chemical Co., Ltd., Jiaxing, China), as an additive in a polyalphaolefin (PAO6) base oil. The commercial fully synthetic oil (ATF-6S) used in EVs was used as comparative oil to the designed nanolubricant. An SRV-IV tribometer electrified by a DC power supply device (Model: Swevy SW-3211A, Suzhou, China) was used to perform the tests. The mechanical test conditions used were 300 N and 300.15 and 373.15 K whereas the electrical current varied from 2 to 10 A. The outcomes showed that ATF-6S oil had a higher breakdown voltage than the h-BNO@PDA nanolubricant. Moreover, at high temperature (373.15 K), both the h-BNO@PDA nanolubricant and the ATF-6S oil showed almost similar friction coefficients, whereas at low temperature (300.15 K), the h-BNO@PDA nanolubricant showed lower friction coefficient values in comparison to ATF-6S oil and under different currents. This is attributed to the delay of iron oxide formation at the tribo-surface. The oxidational mechanism (by the presence of Fe3O4 and Fe2O3) appeared under electrified conditions regardless of the type of lubricant used, showing the impact of the currents on the decomposition of the chemical formation of lubricants. Aguilar-Rosas et al. [18] studied the electro-tribological performance of nanolubricants made using graphene nanoplatelets (GnPs) from Sigma Aldrich with varying specific surface areas and synthetic polyalphaolefin (PAO4) base oil from Exxon Mobil. This was accomplished by measuring the resulting nanolubricant’s thermal (conductivity, specific heat, and stability), electrical (dielectric strength), and rheological properties. Simultaneously, a recently installed electrified four-ball tester was used to assess the tribological performance of the PAO4 and nanolubricants in both unelectrified and electrified conditions. A DC current power supply (Keithley® 2230–30–1) was used for electrifying the four-ball tester. The mechanical test conditions used were 392 N load and 348.15 K temperature, whereas the electrical current applied was 1.5 A. The results showed that when applying electrical currents, the tribological and thermal performance of neat PAO4 decreased. An increase of 20%, 10%, and 20% in wear, temperature, and friction coefficient occurred, respectively. However, under electrified conditions, the nanolubricant performance showed improvements due to the decrease in breakdown voltage which makes sparking and oxidative wear less severe and results in less powerful electrical discharges at interfaces, and the induction of GnPs by electricity to form a chain-like network nanostructure and aligned GnP tribofilms. Jing et al. [85] studied the tribological performance of the nanolubricant G/IL–PAO40 (graphene/ionic liquid–polyalphaolefin 40). The G/IL combination was prepared by a non-covalent modification method by combining N-butylpyridinium tetrafluoroborate ([BPy]BF4) and multilayer graphene (MG). A UMT TriboLab tester electrified by an external source for current and voltage charge using the configuration of ball to plate made of GCr15 steel was used to perform the tests. To perform the tribological tests, 30 N and 398.15 K were applied as normal load and temperature, respectively, in addition to electrical current supplies ranging from 0 to 1 A. The hybrid combination of G and IL induced a stable additive of G/IL at the contact surface and when applying electric currents, the Zeta potential leads to an increase in the apparent viscosity of the liquid phase, making the electro-viscosity impact noticeable and consequently increasing the coefficient of friction and wear abrasion is clearly pronounced. The electric charges on the worn surface gather more free ions that affect adsorption films and lead to excess electrochemical products’ presence. A reduction in the coefficient of friction up to 30% has been concluded upon the addition of G/IL compared to individual lubricants.




4.3. Metals


Si et al. [28] studied the tribological performance of nanolubricants made using two different nanoparticles (NPs) (copper (Cu) and silver (Ag)). The lubricants used were synthetic polyalphaolefin (PAO) base oil and 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]PF6 ionic liquid (IL)). The tribological performance of the formulated nanolubricants in both unelectrified and electrified conditions was measured by reciprocating motion ball-plate tribometers where electric current was provided by a constant-current power supply (DH1716A DC, Beijing Dahua). The mechanical test conditions used were 5 N at ambient temperature and the electrical currents applied were 0, 0.1, 0.2, 0.5, and 1.0 A. The outcomes of this study showed that Cu NPs and IL have better lubrication and anti-wear performance generated from the enhancement of the Cu particles rolling on the surface in addition to the smaller size of Cu compared to Ag. Moreover, because of the variation in anodic dissolution on the tribo-pair surfaces, the lubrication’s friction coefficient under a negative current is larger than under a positive current. The lack of capacitive discharge upon the application of inverse current showed that lubricants with relatively strong conductivity exhibit better stability in friction.




4.4. Polymer Composites


The application of polymer composite materials in the triboelectric field is a recent study that holds significant potential for enhancing system energy efficiency, with applications ranging from lubricant formulation to use in gears, bearings, and protective surface coatings. Moreover, lubricants in EVs and hybrid electric vehicles (HEVs) are essential for protecting contact surfaces and managing current flow across lubricated bearings connected to the electric motor, so choosing a lubricant with the right electrical resistance and dielectric strength is critical, as inadequate electrical properties can lead to discharge damage, while overly conductive lubricants risk current leakage [16]. An investigation was carried out by Xiao et al. [91] into poly (arylene ether nitrile) (PEN) composites reinforced with boron nitride nanosheets (BNNSs), with focus on the mechanical, dielectric, and thermal properties. According to the results, the BNNS/PEN nanocomposite showed improved properties due a uniform dispersion of BNNS in the PEN matrix, which contributed to the increase in mechanical strength and modulation of thermal properties, with an increase in the tensile modulus and tensile strength with 2.0 wt% BNNS, and an in-crease in the thermal conductivity to 64% when the BNNS content was 5.0 wt%, reaching 0.47 W/(m·K), respectively. Furthermore, the dielectric constant showed a small increase due to the interfacial polarization provided by the BNNS, while the dielectric loss remained low, whereas no significant increase in electrical conductivity was observed for the BNNS/PEN polymer composite. Although boron nitride (BN) has high thermal conductivity and good mechanical properties, it is electrically insulating, which preserves the insulating character of the composite, and this characteristic is very advantageous for applications that require efficient thermal management, but without compromising electrical insulation.



In the field of composite polymeric materials as component parts, the literature reports few research works where component testing was carried out to investigate the process of wear associated to electrical current. Nowacki et al. [13] explored magnetic and tribological composites for applications in electric motors with no space between the rotor and the stator, with the aim of reducing energy losses by eliminating the air space between these parts. The authors developed materials that combine magnetic and tribological properties, using an epoxy matrix with magnetic fillers, such as iron and magnetorheological fluid, and tribological fillers such as graphite and carbon fibers. The electrical measurements were made using impedance spectroscopy, covering a frequency range of 100 Hz to 100 kHz, which reflects the typical operating range of electric motors. Tribological measurements were carried out using the “pin-on-block” method on a TM-01 M tribometer. In this test, a cast-iron pin was slid over the samples with a load of 1 N, at a speed of 0.1 m/s, and the friction distance was 600 m. The authors found that the tribologically best-performing composites measured were those with magnetorheological fluid, with a lower COF than neat epoxy, and the sample containing carbon fiber additive, having a COF value below 0.05. According to the authors, the probable cause of such a low result is the further promotion of sliding behavior by cutting carbon fibers, in synergy with self-lubrication. The impedance study showed a significant increase in electrical conductivity for composites with 20% concentration of iron and carbonyl iron filler. However, with 30% carbonyl iron, there was a reduction in conductivity due to the formation of iron oxide on the surface. Composites with magnetorheological (MR) fluid also demonstrated increased conductivity at higher liquid content due to better particle dispersion. Furthermore, tribological additives to MR fluids similarly enhanced conductivity, attributed to interactions between fillers. Additionally, adding graphite or carbon fibers improved conductivity, likely by creating more electrical connections within the polymer matrix.



Maculotti et al. [27] studied the interaction between metal–polymer PTFE-based coating materials, with the aim of investigating the surface mechanical properties of PTFE/sintered bronze composite coatings for plain bearings and bushings under electric current conditions. The authors worked with a PTFE+Pb/bronze composite coating manufactured by GGB Bearing Technology Inc. The mechanical characterization was performed using an instrumented indentation test the electromechanical properties were tested for in situ electrical contact resistance (ECR) using a digital multimeter, and the tribological characterization was realized with a pin-on-disk test in linear reciprocating mode against a flat steel pin. The authors found a coefficient of friction (COF) of approximately 0.160, probably due to the soft outer layer of PTFE+Pb, and the wear volume measurements indicated an initial phase with a high wear rate and a later phase with a lower wear rate, whose values were 1.09 × 10−4 mm3/mN and 1.47 × 10−5 mm3/mN, respectively. With respect to the in situ electrical contact resistance (ECR), initially, resistance was higher when in contact with the insulating PTFE+Pb layer. As wear progressed, resistance dropped, indicating the transition to contact with the conductive sintered bronze layer. The resistance showed a significant drop around 20 µm depth, signaling early contact with the sintered bronze substrate. The ECR results were consistent with wear data, highlighting the transition from the PTFE+Pb layer to the bronze substrate.



Electric conductive polymers applied to bearings as a protective coating are a new type of material that offers a potential application in tribology components. However, this kind of material can only be produced as a thin film, which is a disadvantage compared with bulk materials [92,93].





5. Conclusions


In this paper, we highlighted recent studies of nanomaterials used as additives to lubricants tested under electrified conditions and with tribometers electrically modified by an external power supply, in addition to some critical material properties that play a big role in designing new formulated nanolubricants for electrical drivetrains. The following is a list of the primary findings from this work:




	
In general, nanolubricants additivated by nanomaterials showed noticeable changes of wear with a low apparent alteration of friction coefficient under electrified conditions in comparison to non-electrified conditions;



	
We have pointed out the possibility of adapting existing traditional tribometers by an external power supply to carry out tribological experiments under electrified conditions. An isolated test rig that ensures no leakage of potential currents supplied by external power to other components of the tribometer is desired;



	
Up to now, a few researchers have started to perform tests under electrified conditions. A major concern is the behavior of nanomaterials used as additives, in addition to the nanolubricant ‘s overall compatibility with all electric components of EVs. Further friction and wear reductions in drivetrains of electric vehicles could be achieved by developing more advanced nanolubricants. More investigation about low SAPs as additives is needed to provide a one-lifetime fill of a lubricant in EV powertrains;



	
By selecting materials with appropriate electrical and dielectric properties, polymer composite materials can effectively manage current flow while minimizing discharge damage. This is essential for maintaining the performance of lubricated bearings and other components in EVs. Advances in materials like BNNS/PEN composites, as well as magnetic and tribological additives, show promising results in enhancing thermal, mechanical, and conductive properties without compromising insulation. This research area could be key to improving energy efficiency and extending the lifespan of critical vehicle components, contributing significantly to sustainable transportation technologies;



	
Exploring the thermophysical behavior of nanolubricants under electrified conditions reveals significant improvements in tribological performance, driven by the effects of electric fields on key properties like viscosity and thermal conductivity. Findings indicate that electric fields reduce viscosity in magnetic nanofluids due to nanoparticle movement, particularly under steady DC fields, enhancing lubrication by facilitating fluid motion. Electrically conductive nanomaterials also improve thermal conductivity, promoting heat dissipation and reducing friction. However, optimal nanoparticle concentrations are crucial to avoid adverse effects from excessive aggregation, suggesting a need for balanced formulations tailored to specific triboelectric applications. Future research should focus on fine-tuning nanoparticle compositions and electric field strengths to optimize performance across diverse operational conditions;



	
The study of electric current’s influence on nanolubricant corrosion is an important field with potential to enhance performance across industries such as automotive, manufacturing, and renewable energy. The ability to develop conductive lubricants with high thermal stability, low friction, and corrosion resistance is essential for improving the reliability and lifespan of sliding electrical contacts. As seen in recent research, various solid additives like copper, silver, carbon nanotubes, and multilayer graphene offer promising results in reducing electrocorrosion and maintaining stable electrical contact resistance. This field may hold the key to reducing energy loss in electric and hybrid vehicles, making it a vital area for future technological advancements.
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Figure 1. EV lubricated parts impacted by electrical discharges [16]. 
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Figure 2. Simple adaptation of traditional tribometer with conducting and insulating materials and external electrical power supply. 
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Figure 3. Thermal (a) and electrical (b) conductivity ranges (blue arrows) of common nanomaterials used as additives into lubricants [58,59,60]. 
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Figure 4. Galvanic series for metals and alloys in seawater against a Standard Calomel Electrode (S.C.E.) adapted from the international standard ASTM G82-98 [84]. 
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Table 1. Tribological performance of several lubricants tested by modified tribometers in the presence of electrified conditions (PEC) and absence of electrified conditions (AEC).
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	Author/Year
	Type of Lubricant
	Test Conditions
	Tribology Contact
	Friction Coefficient Variation
	Wear Variation





	Chen et al., 2023, Wear [31]
	Dry.
	DC currents (A): 0, 2.5, 5, 10, and 20.

Load (N): 20.4.

Velocity (RPM): 600.
	Copper–beryllium alloy (GB/T 5231–2001)
	Increase from 0.17 to 0.34.
	Wear thickness increase from 12.36 to 13.03 μm.



	Cao-Romero-Gallegos et al., 2024, Friction [32]
	Mineral oil (kinematic viscosity 42.0 at 313.15 K)

and

gear oil (kinematic viscosity 147.2 at 313.15 K).
	DC currents (A): 0, 1.5, and 3.

Loads (N): 10, 20, 30, 40, 50, 60, 70, and 80.

Velocities (m/s): 0.06, 0.08, 0.12, 0.16, 0.18, 0.2, 0.24, and 0.28.
	Steel C40
	For Speed Sweep:

(1) AEC

Mineral oil: almost constant (0.12–0.13).

Gear oil: decrease from 0.12 to 0.05.

(2) PEC

Mineral oil: decrease from 0.15 to 0.10.

Gear oil: decrease from 0.12 to 0.03.

For Load Sweep:

(1) AEC

Mineral oil: increase from 0.11 to 0.14.

Gear oil: increase from 0.03 to 0.10.

(2) PEC

Mineral oil: increase from 0.08 to 0.12.

Gear oil: increase from 0.04 to 0.10.
	Not available.



	Damien Khoo, 2024, Bruker [33]
	Commercial lubricant A.
	DC currents (A): 0, 0.5, 1.5, and 3.

AC currents (A): 0, 0.5, and 2.

At

Loads (N): 120.

Velocity (RPM): 1000.
	52100-alloy steel
	For DC: increase of 40%.

For AC: from 0 to 0.5 A, increase by 43%, and from 0.5 to 2 A, decrease by 25%.
	For DC: increase of 67%.

For AC: from 0 to 0.5 A, increased by 33%, and from 0.5 to 2 A, increased by 7%.



	Lee et al., 2023, Frontiers in Mechanical Engineering [29]
	ATFs: ULV (kinematic viscosity 4.5 at 373.15 K) and VI (kinematic viscosity 6 at 373.15 K).

Gear oil:

J2360 automotive (kinematic viscosity 11.4 at 373.15 K).
	DC currents (A): 2.

AC currents (A): 4.

Temperatures (K): 298.15, 313.15, 333.15, 353.15, 373.15, and 393.15.

Loads (N): 5 to 90.

Velocities (RPM): 500 to 8000.
	SAE #4620 steel
	Not available
	Increase of 70% (at fixed load and variable velocities).

Increase of 50% (at fixed speed and variable load).



	Kreivaitis et al., 2024, Lubricants [34]
	Paraffin oil (CAS:8012-95-1, kinematic viscosity 7.21 at 373.15 K).
	Temperatures (K): 303.15 and 353.15.

Load (N): 4.

Velocity (RPM): 900.
	Bearing steel 100Cr6
	At 303.15 K:

(1) Positive charges

Increases of 6%.

(2) Negative charges

Increases of 12.5%.

At 353.15 K:

(1) Positive charges

Increases of 6%.

(2) Negative charges

No change.
	At 303.15 K:

(1) Positive charges

Increases of 6%.

(2) Negative charges

Decrease of 10%.

At 353.15 K:

(1) Positive charges

Increases of 10%.

(2) Negative charges

Increases of 36%.










 





Table 2. Tribological performance of nanomaterials as additives to lubricants under mechanical and electrical conditions.
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	Author/Year
	Nanomaterial
	Type of Lubricant
	Nanomaterials Concentrations
	Electrical Conditions
	Mechanical Conditions
	General Outcomes





	Ali MKA et al., 2024, Tribology International [26]
	h-BNO@PDA
	PAO6
	0.2 wt%
	2–10 A
	Load: 300 N.

Temperature: 300.15 and 373.15 K.
	The nanolubricant exhibits low breakdown voltage and ATF oil the highest breakdown voltage; both lead to the same COF, but different wear; oxides presented under electrified conditions.



	Aguilar-Rosas et al., 2023, Tribology International [18]
	GnPs
	PAO4
	0.5 wt%
	0–1.5 A
	Load: 392 N. Temperature: 348.15 K.
	Under electrified conditions, despite causing a little decrease in wear and a noticeable decrease in temperature change, the graphene addition had no discernible effect on frictional performance.



	Si et al., 2018, Industrial Lubrication and Tribology [28]
	Cu

Ag
	PAO

IL
	0.05 wt%

or

0.1 wt%
	0–1 A
	Load: 5 N.

Temperature:

Ambient.
	Cu NPs are better than Ag for their smaller size; COF is higher under negative currents due to the difference in the anodic dissolution on the tribo-pair surfaces.



	Jing Q. et al., 2024, Tribology Letters [85]
	G/IL
	PAO40
	0.1 wt%
	0–1 A
	Load: 30 N.

Temperature: 298.15 K.
	G/IL exhibits stable double-layer structure; electric charges attract free ions to the surface and increase friction and wear.










 





Table 3. Quantitative results of the studies shown in Table 1 in the presence of electrified conditions (PEC) and absence of electrified conditions (AEC).
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	Author/Year
	Coefficient of Friction Variation
	Wear Variation





	Ali MKA et al., 2024, Tribology International [26]
	Decreased by 20% (AEC).

Decreased by 30% (PEC).
	Decreased by 5% (AEC).

Decreased by 21% (PEC).



	Aguilar-Rosas et al., 2023, Tribology International [18]
	Decreased by 6 to 3% (AEC).

Decreased by 0 to 3% (PEC).
	Increased by 8 to 10% (AEC).

Decreased by 10 to 20% (PEC).



	Si et al., 2018, Industrial Lubrication and Tribology [28]

(For Cu and PAO)
	Increased by 17% (AEC).

Increased by 60 to 70% (PEC).
	Increased by 10% AEC).

Increased by 20 to 30% (PEC).



	Jing Q. et al., 2024, Tribology Letters [85]
	Decreased by 5% (AEC).

Decreased by 8 to 12% (PEC).
	Not available
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