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Abstract

:

The growing awareness of reduced friction losses and new demands for electrical powertrains demand improved lubricants. Due to their unique properties, such as high thermal and electrical conductivity, graphene and its derivatives have been investigated for tribological applications, especially as lubricant additives. In this work, we investigated three commercially available graphene variants, one comprising a few layers and the other two comprising nanoplates, after functionalization as additives to lithium soap grease. The grease temperature dropping point increased by approximately 6 °C. Additionally, during the reciprocating friction test, friction increased with the test duration for the baseline grease, whereas it decreased for the ones containing graphene-based additives. On the test end, friction was reduced by 8% compared to the baseline grease. On a four-ball tribometer, the wear scar was reduced from 10 to 18% compared to the baseline grease. In general, no significant difference was seen between the three graphene-based variants. The promising results found with graphene nanoplates, a less expensive material than a few graphene layers, creates opportunities for a cost-competitive additive to commercial greases.
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1. Introduction


Graphene, a novel 2D material, is being explored for a myriad of applications, from electronic devices to additives for polymers, painting, concrete, etc. [1,2,3]. Graphene also has great potential as an additive for tribological applications and lubricants [4,5,6,7,8,9,10,11,12,13,14,15,16]. Its inherent low friction, high stiffness, and thermal conductivity may bring additional tribological benefits. Despite its strict definition as an “allotrope of carbon consisting of a single layer of atoms arranged in a hexagonal lattice nanostructure”, the term “graphene” is also used for some variants presenting up to six atom layers. Graphene nanoplatelets (GNP), oxide and reduced oxide graphene, and even micrographite (graphene nanosheets) have also been generically named and called “graphene” for marketing reasons. Other variants, such as graphene oxide, are also called “graphene” (Figure 1). Different applications require graphene variants to pass through a special preparation process to be “functionalized” or “tailored” for proper dispersion and performance [6]. Surfactants, dispersants, and other substances are usually required to produce desirable properties and ensure graphene’s stability as a lubricant additive [6]. Graphene’s excellent thermal and electrical conductivity can also reduce operational temperatures in tribological applications of machinery components (rolling bearings, gears, etc.), which increases the shelf life of both the mechanical components [17] and lubricant grease [18]. Based on predictive maintenance data [18], the life of a lubricant grease doubles for each 10 °C of temperature reduction during application. The shelf life of components such as gears and rolling bearings also depends on the operational temperature. The increased thermal conductivity of the lubricant, which is usually an insulant, also has the potential to avoid electro-static-generated corrosion and discharges, which is especially important for battery electric vehicles [19,20].



Zero-dimensional (0D) carbon variants such as fullerenes, carbon nano-onions, nano-diamonds, carbon quantum dots, and graphene quantum dots, as well as 1D carbon nanostructures such as carbon nanotubes (CNT) and multi-walled carbon nanotubes (MWCNT), are also being investigated as lubricant additives [6]. For example, Christensen [21,22] observed significant increments in electrical conductivity on lubricant greases using carbon nanotubes (CNT) and carbon nanofibers (CNF).



Graphene’s main properties are shown in Table 1.



Graphene and other nanoparticles have been extensively investigated for their use in lubricants. The term “nanofluid” is used to describe a fluid containing nanoparticles. Nanofluids’ properties depend on the type, size, shape, and concentration of nanoparticles in the fluid, as well as on the stability of the particles in the fluid [5]. Graphene is a unique nanomaterial for lubrication due to its high thermal conductivity and inherent low friction, caused by a weak interaction between individual layers.



In industrial applications, graphene samples present a distribution in terms of size, layers, etc. Even for laboratory-made samples consisting of mostly graphene particles with one to six layers, the relative share of such small particles in area and volume will be lower than for larger particles. Figure 2 shows the relative share of particles and the respective area and volume for two graphene samples. For the graphene sample with a few layers, in Figure 2a, particles with one to five atom layers represent 77% of the total but only 16.9% of the area and less than 5% of the sample volume. For the graphene oxide (GO) nanosheet sample, in Figure 2b, particles with one to five layers represent 93% of the total but only 53 and 23% of the sample area and volume, respectively. The contributions to the performance of different sub-populations are still unknown and are probably different due to the different properties. For example, friction and wear are probably more influenced by the nanoparticle area and volume, whereas electrical and thermal conductivity are influenced by the number of such nanoparticles.



Automotive greases commonly use mineral oil as their fluid components, and these mineral-oil-based greases generally perform satisfactorily in most applications. For more demanding temperatures (low or high), synthetic-oil-based grease provides a better product. Combining a grease thickener with a selected base oil will produce a typical solid-to-semi-fluid grease structure. Lithium soaps are the main types of grease thickener, but other thickeners, such as polyurea, organophilic clay, fumed silica, and fluoropolymers, are also available for specific applications.



Grease lubrication can be divided into three phases/mechanisms [24]: (a) the churning phase, characterized by a fresh-filled grease macroscopic flow whose lubrication regime can be considered fully flooded; (b) bleeding, when the grease releases oil by phase separation via a balance of oil supply and loss mechanisms—this regime can be considered starved elasto-hydro-lubrication (EHL); (c) finally, in extreme cases, no lubricant film exists, causing metal–metal contact, and seizure can occur. The grease must stay in contact with and lubricate moving surfaces without leaking under gravity or centrifugal action or being squeezed out under pressure to properly function. However, such grease consistency may prevent optimal lubrication performance if the grease is pushed out of the bearing and no longer actively participates in the lubrication process. Additives are used to improve the desirable properties and/or suppress undesirable ones. The most common grease additives are oxidation and rust inhibitors. In applications where extreme pressure contacts are present, sulfur-based and other extreme pressure additives are used. The grease thickener can form tribofilms and play some role when contact occurs [25]. Solid particulate additives such as molybdenum disulfide or graphite have become more common, with a present focus on increasing the energy efficiency and time between maintenance and reducing the cost of ownership. Most lubricant additives contain heavy metals such as Zn, Cu, Pb, etc., or involve sulfur atoms [24,26,27,28], which pose potential environmental threats. In addition to its low environmental impact, graphene’s two-dimensional structure and properties make it a potential candidate to replace other materials used as additives in the grease lubricant industry. Studies reported in Liu’s review [8] state that the high thermal conductivity of graphene promotes the dissipation of heat generated during sliding motion. As an additive, graphene offers enhanced thermal stability in addition to lower friction, a lower wear rate, and enhanced load-bearing capacity compared to graphite. As a grease additive, it was observed that graphene platelets (2 to 15 nm) significantly reduced wear on bearings submitted to oscillating tests and reached almost a 50% friction reduction when the test sliding speed was lower than 1 × 10−6 m·s−1.



Fan [29] investigated multilayer graphene (MLG) as a solid additive and also when dispersed in a bentone grease. The addition of graphene caused an increase in the dropping point and resistance to cone penetration. Singh [30] added rGO concentrations of 0.2, 0.4, and 0.6 wt% to commercial lithium grease. Friction was reduced by up to 30 and 20% for rolling and sliding-induced rolling contacts, respectively. Vibration and noise were also reduced. Wang [31,32] investigated graphene and graphite in concentrations from 0.2 to 2 wt% on lithium greases. They observed an increase in dropping point and penetration resistance. Friction and wear reduction were observed in a four-ball tribometer. Fu [33] tested 1–4 wt% and found the best tribological results at 2 wt%. Thermal conductivity increased with concentration, reaching a 56% increase at 4 wt% graphene. Pape and Poll [34] tested multilayer graphene platelets with different thicknesses and observed reductions in wear and friction in oscillating and sliding tests. The authors observed that the graphene nanoplatelets covered asperities on the rubbing surfaces while avoiding solid metallic contacts. Ouyang [35] used 3D hierarchical porous graphene sheets (3D HPGS) on commercial grease and observed reduced friction and wear on a four-ball tester. The graphene entered the rubbing interfaces and formed a protective tribofilm, reducing friction and wear in all three tribological tests. Wang [36] investigated 0.5–2.0 wt% of few-layer graphene (FLG) on polyurea grease. The higher the FLG content, the larger the storage and loss moduli of the polyurea grease in rheological tests. Lower wear and friction in a reciprocating test were achieved at low loads at both mild and high temperatures. During the reciprocating tests, FLGs were initially deposited on the metal surfaces, reducing the roughness. Afterward, the FLGs present in the grease enhanced the stiffness of the formed tribofilm. Finally, the thermal conductivity of graphene mitigated tribofilm deterioration and promoted the formation of protective oxide tribofilms. However, above a critical load, the tribological benefits were much lower.



In the current work, three graphene-based materials produced by different processes were investigated as additives to a simple lithium soap based on mineral oil that was used for automotive applications. Section 3.1 describes the three variants in terms of their structure, number of coupled interlayers, lateral size, etc. Dispersing carbon nanostructures in lubricants is not trivial since the nanoparticles tend to agglomerate and subsequently sediment [37]. Graphene dispersion in lubricants is complicated by their high chemical inertness, with little to no affinity for most base fluids [38]. Dispersants and surfactants have many varieties, and the choice significantly depends on the nanoparticles and base fluids used. The surfactant must disperse well in the base fluid and interact with nanoparticles to be effective and obtain good dispersion. One means of solving this problem is by modifying the graphene surface through functionalization with different functional groups (oxygen-based, nitrogen-based, sulfur-based, halogen-based, etc.), ions, molecules, or particles. For example, Christensen [39], Hu [40], and Wang [41] describe challenges involving graphene functionalization. In the current work, the three graphene powders were functionalized and mixed with other substances to improve the dispersion and performance. They were then transformed into additives that were finally mixed with the baseline lithium-based grease (Figure 3). Section 3.3, Section 3.4, Section 3.5 and Section 3.6 compare the performance of the grease prototypes to that of the base grease.




2. Materials and Methods


2.1. Graphene Characterization


The graphene samples, after deposition as a powder over a conductive carbon adhesive, were characterized by scanning electron microscopy (SEM) using a Hitachi SU5000 model. Raman spectroscopy (Tokyo, Japan) was used to characterize the crystallinity of the samples using Witec Alpha 300 RA equipment (Ulm, Germany) with a 532 nm laser. To evaluate the influence of crystalline quality on these materials, we measured Raman spectra using protocols to quantify crystalline defects and the number of graphene-coupled interlayers, as described in [41].




2.2. Rheometer


The greases’ rheological characterization was performed using an Anton Paar MCR 702 evolution rheometer. A 25 mm plate–plate configuration was used. The temperature was controlled to 25 ± 1 °C. Appendix A discusses other grease prototypes with higher graphene content, which present different rheological behavior.




2.3. Tribological Testers


An Anton Paar TRB3 and a Falex four-ball extreme pressure test machine (four-ball) were used to investigate friction, wear, and seizure resistance. The sphere was mounted on a stiff cantilever with a frictionless force transducer. The friction force was determined by measuring the deflection of the cantilever. The main equipment and test parameters are described in later sections. Table 2 summarizes the parameters used for the Anton Paar TRB3 reciprocating test. Each grease sample was tested twice.



The 4-ball wear test method is normally used to determine the relative wear-preventing properties of lubricants and greases under test conditions for sliding steel-on-steel applications. The 4-ball tester was used to measure wear and load-carrying capacity (LCC). The 4-ball tester consisted of a rotating upper ball loaded against three stationary lower balls. The load-carrying capacity (LCC), also called the seizure limit, was defined according to ASTM D2596. During the test, the load is increased in steps. At a given load, the lubricant boundary film is lost, welding occurs in the balls, and the test is terminated.





3. Results


3.1. Graphene Characterization


We investigated the graphene morphology of the three variants by scanning electron microscopy (SEM), Raman spectroscopy, thermogravimetric analysis (TGA), and X-ray diffraction (XRD). Figure 4 shows SEM micrographs for the three graphene types, referred to as A0, A8, and A20, respectively. At lower magnification, all the materials present sheet aggregates. As the magnification level increases, it is possible to observe planar/nanosheet structures with heterogeneous size distributions. Table 3 summarizes the main characteristics of the three variants.



At higher magnification (Figure 4g–i), morphological differences between the three graphene samples appear. A0 sheets are aggregated in a spherical manner, whereas graphene agglomerates from A8 sample sheets exhibit sharp edges. On the other hand, the A20 graphene sheets appear thinner, crimped, and less broken than the two previous samples.



Figure 5 shows the Raman spectra of the three variants. A typical Raman spectrum of graphene has three main bands that describe the crystalline quality of the material and stacking characteristics, such as the number of coupled interlayers. The D band, located at 1350 cm−1, is activated by the disorder generated at 1580 cm−1, caused by stretching the C-C covalent bonds common in all carbon systems with sp2 hybridization. The 2D band, located at approximately 2700 cm−1, is the overtone of the D band, with two transverse optical phonons.



As shown in Figure 5, the A0 and A8 spectra show low intensities and lengths in the D band and low lengths in the G band. The quantification of the characteristics of the materials (Table 3) shows that no significant defects occurred and presents similar behavior for these two samples. The D to G peak intensity ratio (ID/IG), the distance between point defects (LD), and the surface density of point defects (nD) showed the same values at approximately 0.10, 40 nm, and 2 (1010 cm−2), respectively. These results indicated the samples’ high crystalline quality. The number of coupled layers <N>2D for A0 and A8 appeared at >10 layers, according to Silva’s applied protocol [41]. The 2D band profile for A8 was slightly different from that of A0. However, the applied 2D protocol only inferred the degree of interlayer coupling. The protocol results suggested that A8 should be more easily exfoliated than A0 during the incorporation and functionalization processes in the grease matrix. Less energy would be required to exfoliate graphene-based materials exhibiting a lower interlayer coupling degree. Table 4 summarizes the data obtained from the Raman spectra after using the aforementioned protocol.



When we analyzed the percentage distribution of the number of coupled layers in detail, we could verify that A8 had a greater distribution below 10 layers compared to A0. Figure 6a shows that A0 has 53% of <N>2D above 10 layers, whereas A8 has only 18% (see Figure 6b).



The A20 sample presented different Raman spectra. For a better understanding, the A20 data are separated in Figure 7. The A20 spectrum shows an increase in D peak intensity and the D′ appears. The defect types present in graphene can be divided into two groups: (I) defects in the graphene sheet plane (point defects) due to vacancies, folds, creases, stone-wales, and doping by impurities, and (II) edge defects (linear defects) called zigzag and armchair. The intensity of the D and D′ bands in the Raman spectrum shows the level of disorder caused by the defects.



Analyzing the D to G peak intensity ratio (ID/IG), the distance between point defects (LD) and the surface density of point defects (nD), which are 0.73, 9 nm, and 40 (1010 cm−2), respectively, indicate that A20 had a higher level of disorder compared to A0 and A8. A possible explanation for this behavior is that the graphene production method created a higher intercalation level. Additionally, a lower number of decoupled layers was observed for A20 compared to the others (see Figure 8b), suggesting a higher tendency for exfoliation during the incorporation and functionalization process into the grease matrix.




3.2. Booster for Grease and Oil Additive


To obtain a good mixture of lubricants, the graphene powders were functionalized with long-chain organic molecules with polar ends before being added to the base grease. Each of the three graphene variants was high-shear-mixed in a concentrated form with approximately 30 wt% graphene for 30 min. To promote the organic molecule and graphene interaction, molecules with oxygenated and nitrogenated groups were used. The substances and methods used for graphene functionalization were proprietary and cannot be detailed here.



The previously described boosters were also investigated as additives to engine and industrial lubricant oils. Oil graphene additives for oils require more physical stability due to the lower oil viscosity. Therefore, the stability of graphene in the oil is easier to evaluate than in lubricant greases. Figure 8 and Figure 9 illustrate the boosters’ dispersion and stability in fully formulated engine oil with a viscosity specification of 0W-20.




3.3. Grease Sample Preparation


Three boosters, C0, C8, and C20, with high concentrations of the previously mentioned functionalized graphene variants, were mixed with a lithium soap grease with the baseline oil at a viscosity of 150 cSt at 40 °C. To ease mixing, both the boosters and baseline grease were heated to 70 °C in a furnace to reduce the grease consistency. The graphene-based boosters were mixed with the baseline grease using a planetary blender in controlled and scalable lab sample production. See Figure 10. Three consecutive blending sequences of two minutes each were used to achieve a homogeneous mixture. A manual spreader was used before and after each blending sequence, with special attention to separating the mixture from the vessel wall. No equipment was used to improve grease homogenization (e.g., Gaulin Homogenizer or Charlotte Colloid Mill) because it would shear the graphene sheets used in this study.



Approximately 500 g of lubricant grease was produced with each graphene variant, all with a final concentration of 0.2 wt% of the GNP additive. To differentiate the concentrated GNP samples from the resultant greases, the grease samples were denominated as g_0, g_8, and g_20, with respect to variants A0, A8, and A20 (Figure 4). As expected, the grease acquired a blackish color, as seen in Figure 11.




3.4. Grease Consistency (Cone Penetration)


The lubricant grease samples, after homogenization, were tested with a Seta Universal Penetrometer. Penetration tests were performed on the petroleum lubricant greases to determine their consistency and shear stability. See Figure 12. A standard cone was released from a penetrometer and allowed to drop freely into the sample for 5 s at a constant temperature. The cone’s depth of penetration into the sample was measured in tenths of a millimeter with a penetrometer. The grease samples were tested following procedures according to ASTM D1403 using half-scale penetration cone equipment. The samples were then “worked” using a Seta High-Temperature Roll Stability Tester to provide an indication of the shear stability by testing the change in worked penetration. The test was conducted according to the test method ASTM D1831. No significant influence on grease consistency was observed (see Table 5).



The roll stability test measured the mechanical stability by rotating a grease sample in a cylinder containing a roller. The cone penetration tests were run before and after rolling, and the results were compared. We observed that the variants did not influence the mechanical stability compared to the base grease.




3.5. Grease Dropping Point


The grease dropping point is the temperature at which the first drop of the fluid (commonly the base oil) separates totally from the grease composition. It indicates the grease’s heat resistance and depends on the thickener type used and its cohesiveness in the oil and thickener structure. The dropping point temperature indicates the limit at which the grease retains its structure, although not necessarily the limit for grease usage. For greases where graphene samples were added, slightly higher temperatures were observed at the dropping point (see Figure 13).



Energy conversion dynamically occurs at the atomic level in solid materials through uncontrolled electron diffusion and lattice vibrations. See Figure 14. When graphene is added to a base lubricant, the fluid’s thermal conductivity and heat transfer efficiency are often improved. Brownian motion, radiative heat transport, the liquid oil layer around the nanoparticles, and the clustering of nanoparticles have the greatest effects on the thermal conductivity in the lubricant with graphene or other nanoparticles. The Brownian motion of nanoparticles in oil mainly regulates the thermal conductivity of lubricants. The Brownian motion of nanoparticles improves thermal conductivity in several ways, including nanoparticle collisions that result in heat transfer by solid–solid conduction and heat transfer by convection.



Compared to other carbon-based materials, graphene has higher thermal conductivity, and, when properly inserted into the grease matrix, it dissipates the heat and strengthens intermolecular bonds, improving the dropping point. We observed that all graphene variants improved the dropping point, with a small difference between the variant g_8 and the g_0 and g_20 variants. The slightly worse performance might be related to steric effects between the grease matrix and multilayer presented in the g_8 variant.




3.6. Grease Rheology


The variants presented similar behavior regarding grease rheology, except for shear thinning at shear rates >50 s−1, especially for the g_8 and g_20 variants (Figure 15). Different behaviors may occur at higher graphene concentrations (see discussion in Appendix A).




3.7. Pin-on-Disk Tribometer TRB³ Test


Under this reciprocating test, the prototype greases presented slightly lower friction, especially with test time evolution. When the test started, the baseline and prototypes presented initially higher friction between 0.13 and 0.14. After a period of stabilization, probably due to grease accommodation and the release of the lubricant oil in the contact region, the baseline friction increased for the baseline grease, while the graphene-based variants exhibited a friction reduction, as seen in Figure 16. After 600 s, greases with graphene presented around 5% lower friction than the baseline.




3.8. Four-Ball Wear Test


The samples were also submitted to a four-ball wear tester. As shown in Figure 17, the graphene additives reduced wear compared to the baseline grease, and the prototypes all performed similarly.




3.9. Four-Ball EP Test


The greases were also tested for seizure in a four-ball EP tester. This test is used to determine the extreme pressure (EP) characteristics of lubricating greases in sliding steel-on-steel applications. Measurements of rotating speeds, temperatures, and duration were recorded as specified by the standard method ASTM D2596. The test was stopped when noise indicated that a seizure had occurred. Since the baseline grease had no EP additive, the seizure limit was relatively low. Due to this, all graphene-added grease samples were tested initially with a small load of 126 kgf. Instead of the typical welded pyramid-like ball, the tested balls became loose after the tests (Figure 18).





4. Discussion


The higher temperatures found for samples with graphene additives on the dropping point test are beneficial for most applications, which could be due to improved thermal conductivity and/or the graphene booster’s effect on grease cohesiveness at elevated temperatures. Further studies are needed to investigate these effects.



We analyzed the wear track on balls tested with graphene using Raman spectra and found evidence of boundary tribolayer formation. Similar effects were observed in tribological tests on engine oils with the same boosters used for the greases, which will be the subject of a future publication. We posit that the graphene layer synergy and the tribochemical layer enhanced the lubricating performance. Figure 19 shows balls tested with graphene boosters. The test was stopped after welding (torque increase) indications. However, the balls were not fully welded after disassembly. Wear track and material transfer could be seen on the tested balls, but they were not solidly welded. After the baseline and g_8 tests, four spheres were damaged but not welded, g_0 tests presented two semi-welded spheres, and g_20 tests presented three.




5. Conclusions


The modified greases presented improved thermal and tribological properties. The grease temperature dropping point increased by approximately 6 °C and friction was reduced by 10% compared to baseline grease. During the reciprocating friction test, friction increased with the test duration for the baseline grease, whereas it decreased for graphene-based additives. Nonetheless, the three graphene-based materials exhibited a meaningful disparity in their physical properties and no significant difference was observed. Two main assumptions were considered for this observation.



	-

	
The tribological properties measured in this study may not have been sensitive to the amplitude of variation measured in the three graphene-based materials’ characteristics presented, such as the number of coupled layers, crystallinity, and morphology of primary sheets and aggregates.




	-

	
Functionalization and incorporation processes might have “smoothed” the disparities between the three graphene-based materials in their dispersed form in the grease matrix compared to their initial physical properties as powders. The development of graphene characterization techniques in a grease environment would be required to validate these assumptions.







Nonetheless, these graphene-based materials are less expensive than few-layer graphene, offer promising results, and present opportunities for cost-competitive additives in commercial greases that will be explored in future studies.
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Appendix A. Rheology—Shear Thinning with Some Graphene Variants


As previously mentioned, additive effects strongly depend on the graphene concentration and applied functionalization. Graphene has also shown benefits for hydrodynamic lubrication regimes, which hardly can be explained only by typical friction modifier surface effects. Moreover, 2D additives are known to change the lubricant rheology. Two recent works (Giudice [43], Hamze [44]) reviewed dozens of references about the rheology of graphene-based materials. However, most of the works focused on aqueous dispersions or polymers, and few discussed tribological effects. Wang and Gao [45] used few-layer graphene (FLG) as a nano-additive to lithium complex grease and investigated the FLG’s influence on viscoelasticity and friction. The FLG changed continuously between two agglomeration states and its ordering affected the friction behavior during the tests. Graphene sheets assumed different ordering and agglomeration under the shearing stress caused by the test.



In a previous experiment, a booster C0 was mixed to reach 0.10, 0.15, and 1.00 wt% A0 concentrations (plus the functionalization elements). Different from the mixing described in this study, we used a high-energy method to mix the booster with the baseline grease. The grease rheology was significantly affected by the 0.5 and 1.0 wt% concentrations (Figure A1). The viscosity increased at low shear rates and was reduced at shear rates higher than approximately 2 × 10 s−1.





[image: Lubricants 11 00452 g0a1] 





Figure A1. Grease rheology using C0 mixed with grease using high-energy methods. 
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We postulate that greases can be considered long-chain molecules where the viscosity is dominated by physical entanglements between molecules. The typical pseudoplastic behavior illustrates this concept (baseline Figure A1). Graphene sheets are randomly oriented at low shear rates, causing an increase in viscosity from the perpendicular orientation of some of the graphene sheets to fluid flow. Graphene sheets are aligned with fluid flow at higher shear rates and, consequently, cease contributing to the increased viscosity. The additional drop observed in Figure A1 for shear rates higher than 2 × 10 s−1 in variants with 0.5 and 1.0% may be due to the graphene sheets increasing the distance between long-chain molecules and making physical entanglement less likely (Figure A2).
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Figure A2. Scheme of 2D materials’ potential effect on rheology. (a) At low shear rate, (b) at higher shear rates. 
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Figure 1. Types of graphene, adapted from Wick et al. [15]. 
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Figure 2. Number of layers, area, and volume. (a) Graphene of few layers, data from MGgrafeno; (b) GO nanosheets, adapted from [23]. 
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Figure 3. Preparation scheme for the three grease variants used in this work. 
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Figure 4. SEM images of the investigated graphene types at 3 different magnification levels. A0: (a,d,g). A8: (b,e,h); A20: (c,f,i). 
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Figure 5. Raman spectra of the three variants: (a) A0; (b) A8; (c) A20. Note: the 2D peak is also referred to as “G” in the literature. 
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Figure 6. Percentage distribution of the number of coupled layers for (a) A0 and (b) A8. 
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Figure 7. A20 variant. (a) Raman spectra; (b) percentage distribution of the number of coupled layers. 
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Figure 8. (a) Booster with 30% of graphene; (b–d) manual agitation to illustrate the good dispersion. The final mixture contains 0.2 wt% of graphene for a 0W-20 oil. 






Figure 8. (a) Booster with 30% of graphene; (b–d) manual agitation to illustrate the good dispersion. The final mixture contains 0.2 wt% of graphene for a 0W-20 oil.



[image: Lubricants 11 00452 g008]







[image: Lubricants 11 00452 g009] 





Figure 9. Boosters mixed with SAE 0W-20 engine oil. (a) Shortly after mixing. (b) After 15 days. 
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Figure 10. (a) Planetary blender and (b) manual spreader used between sequences to separate the mixture from the vessel wall. 
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Figure 11. Visual aspect of the grease. (a) Before combination with graphene booster; (b) after combination with the graphene booster. 
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Figure 12. (a) Roll stability test with Stanhope Seta. Grease penetration test. (b) Before and (c) after cone penetration [42]. 
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Figure 13. Dropping points of the tested greases. 
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Figure 14. Dropping point at the atomic level of lithium greases. 
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Figure 15. Grease samples’ rheology at different shear rates. 
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Figure 16. Friction along the reciprocating tribological test. 
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Figure 17. Wear scar diameter on 4-ball wear test. 
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Figure 18. (a) Pyramid-like welded balls after typical 4-ball seizure test; (b) balls loose after the test. 
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Figure 19. Balls after 4-ball seizure test with graphene additives. (a) Tested with g_0; (b) tested with g_8; (c) tested with g_20. 
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Table 1. Graphene properties.
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	Property
	Value
	Obs.





	Elasticity Modulus
	1 GPa
	5× higher than steel



	Rupture Limit
	130 GPa
	400× higher than steel



	Thermal Conductibility
	~4000 W·m−1
	Similar to diamond, 5× higher than copper



	Electrical Conductibility
	100 mS·m−1
	40% higher than copper in volume, 6 times in weight



	Surface Area
	2700 m2·g−1
	2 g has approximately 100 × 50 m










 





Table 2. Parameters used for TRB3 tests.
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	Parameter
	Description/Amount





	Movement/motion/run
	Linear reciprocating



	Sphere (static part)
	Steel 100Cr6 (6 mm)



	Sample (counter body)
	Steel 52100, commonly used for rolling bearings



	Load
	5 N



	Amplitude (stroke)
	6 mm



	Maximum linear speed
	40 mm·s−1



	Frequency
	2.12 Hz



	Duration
	10 min



	Temperature
	27 ± 1 °C










 





Table 3. Main characteristics of the graphene-based variants.
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	Type
	Number of Coupled Interlayers
	Primary Sheet Lateral Size
	Agglomerate Size [µm]





	A0
	Graphene nanoplates
	≥10
	Smaller
	~25, spherical



	A8
	Graphene nanoplates
	6 to 10
	Medium
	~10, sharp edges



	A20
	Graphene
	≤6
	Larger
	~30










 





Table 4. Data from Raman spectroscopy.
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	A0
	A8
	A20





	ID/IG
	0.10
	0.09
	0.73



	AD/AG
	0.25
	0.23
	1.40



	ΓG [cm−1]
	18.5
	15.9
	28.2



	La [nm]
	79
	99
	31



	LD [nm]
	40
	40
	9



	nD [1010 cm−2]
	2
	2
	40



	<N>2D
	>10
	>10
	5










 





Table 5. Converted penetration (consistency) 1/10 mm 25 °C.
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	Sample
	As New
	After Roll





	Baseline
	241
	259



	g_0
	241
	263



	g_8
	243
	251



	g_20
	241
	265
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