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Abstract 

The main goal of this work is to study the tribological properties of nanolubricants formed by 

trimethylolpropane trioleate (TMPTO) or a polyalphaolefin (PAO 40) base oils with reduced 

graphene oxide sheets (rGO). This reduction was carried out in order to have a good stability of 

the nanoadditives in the fluids. For this aim, rGO nanopowders were prepared by thermal 

reduction of graphene oxide (GO) powders using KOH/ethanol as reducing agent. Tribological 

behavior of nanolubricants based on TMPTO and on PAO 40 oils with 0.05, 0.10, 0.25 and 0.50 

wt% of rGO was evaluated. The tribological tests were carried out with a tribometer operating 

in ball on disk configuration and rotational mode under a working load of 20 N at room 

temperature. In order to analyze the wear track through the width, depth and cross-section area 

of the scar, a 3D optical profilometer was used. The best antifriction performance was found for 

0.25 wt% rGO nanodispersions, with a 24% and a 20% enhancement for the PAO 40 and the 

TMPTO base oils, respectively. Moreover, for this last nanodispersion, a reduction of 24 % in the 

wear track width was obtained. 
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1. Introduction 

Nanotechnology is considered the key technology of the 21st century. Among the fields of 

application of this technology, recent investigations have proven that the addition of different 

nanostructures to lubricants is effective for the reduction of wear and friction in mechanical 

systems [1,2]. Thus, many different kinds of nanomaterials appeared with interesting antifriction 

and antiwear properties, specifically nanolubricants based on graphene-type structures [3,4]. 

Graphitic materials have been extensively explored as additives of lubricant in oils or greases to 

improve their tribological properties, showing reduced friction capacity and antiwear properties 

in comparison with other nanoadditives [5-7] and employed to enhance the thermal 

conductivities of lubrication systems. Graphene materials are carbon nanostructures consisting 

in a single layer of carbon packed in a hexagonal lattice, with a carbon-carbon distance of 0.142 

nm in a unique atom-thick 2D structure, with amazing mechanical and thermal properties, big 

specific surface area and good chemical stability [8,9]. Nowadays a variety of graphene-based 

lubricant oil additives has been and is being investigated, such us ultrathin graphene [9,10], 

alkylated graphene [11,12], reduced graphene oxide [13-16], chemically functionalized reduced 

graphene oxide [7,17] or graphene oxide monolayer [18,19].  

Studies on the enhancement of the antifriction and antiwear properties due to the effect of 

dispersing rGOs on lubricant oils have been previously reported [13,15,16]. Schlüter et al. [16] 

determined the Stribeck curves of two nanodispersions composed by an additivated and fully 

saturated ester oil and thermally reduced graphite oxide flakes (Oxygen content of 14 wt%) 

finding better lubricating properties with respect to those of the base oil. Li et al. [15] measured 

the tribological properties of dispersions of a polyalphaolephin (PAO6) containing different kinds 

of rGOs (Oxygen contents between 8.1 and 11.7 wt%) concluding that the wear and friction 

behavior strongly depends on the synthetic procedure. Gupta et al. [13] found that for rGO 

dispersions in a polyalkylene (PEG) oil for low and high rGO concentrations the friction and wear 

are worse than for the base oil, whereas for intermediate concentrations these properties are 



4 
 

strongly improved. In all these studies [13-16] graphite was used as starting material for the rGO 

synthesis and tribological measurements were evaluated in only one lubricant. 

In this work, reduced graphene oxide sheets (rGO) with lower Oxygen content (7%) have been 

synthesized by using commercial graphene oxide as starting material instead of graphite. The 

synthesized rGO has a big specific surface area and its tribological behaviour as additive for two 

lubricant bases of different nature have been tested under the same working conditions in order 

to determine its effect in the wear and friction depending on the base type. The first one, a 

polyester lubricant oil (trimethylolpropane trioleate, TMPTO) is a non-fully saturated ester 

synthetized from the oleic fatty acid and trimethylolpropane. This nonflammable ester has 

excellent lubricant properties and biodegradability above the 80% [20-22]. PAOs are composed 

by saturated oligomers manufactured via the catalytic oligomerisation of alphaolefins [23]. 

Specifically, PAO 40 is a high viscosity PAO, which is mainly used as high-performance functional 

base fluid in several industrial and automotive applications as gear oil, compressor oil, hydraulic 

fluid, grease and engine oil [24].  

One of the main problems that are found when working with nanolubricants is their 

sedimentation stability. In the present work detailed stability studies were carried out. These 

studies involve: visual control of the dispersions of GO and rGO during 240 h after the dispersion 

preparation, refractometry measurements for the same dispersions (45 h) and dynamic light 

scattering (DLS) over 150 h in order to monitor the variation of the apparent average particle 

size and therefore assess its sedimentation. 

2. Experimental section 
 
2.1. Materials 
 
The TMPTO base oil was kindly provided by Croda and PAO 40 was supplied by REPSOL. An 

aliquot of the first one has been fully characterized in a previous contribution [25]. Among the 

different techniques employed to characterize the TMPTO sample, we have used high 

performance liquid chromatography. This technique showed that this oil is composed by 68.3 % 
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of trimethylolpropane trioleate, 27.6 % of a compound with a C=C bond more than TMPTO (i.e. 

two H atoms less) and 4.1 % of a compound with two extra C=C bonds (i.e. four H atoms less) 

[25]. The Fourier Transform infrared spectrum (FTIR) of the TMPTO oil is shown in Fig. 1. This oil 

has a density at 313.15 K of 0.9037 g·cm-3, a kinematic viscosity of 48.5 cSt at the same 

temperature and its viscosity index is 190 [25]. 

 

Fig. 1. FTIR spectra of TMPTO (-) and 0.25 wt% rGO nanodispersion (--). 

 

The polyalphaolephin PAO 40 is obtained by the polymerization of 1-decene followed 

by hydrogenation. The PAO 40 used in this work has a density at 313.15 K of 0.8346 g·cm-3, a 

kinematic viscosity at 313.15 K of 402.1 cSt and a viscosity index of 149.3. The PAO 40 sample 

was characterized by FTIR (Fig. 2), showing: a weak peak at 720 cm-1 which can be assigned to 

alkyl chains (C-C), a peak at 1465 cm-1 due to the carbon–hydrogen (C–H) bending, two strong 

peaks at 2920 and 2870 cm-1 which can be assigned to the C-H stretching [25-27], without any 

evidence of the signals ascribed for C-C double bonds. 
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Fig. 2. FTIR spectra of PAO 40 (-) and 0.25 wt% rGO nanodispersion (--). 

 

In order to know if there is a chemical bond between the molecules of the base oil 

(TMPTO) and the rGO nanopowders, we have compared the FTIR spectra of the neat oil and the 

nanodispersion with a 0.25 wt% in rGO (Fig. 1). As can be observed, there are no significant 

changes, indicating the lack of covalent bonds between the TMPTO oil and the rGO nanosheets, 

thus suggesting that the interactions between rGO and the oil have only physical nature. Similar 

results were obtained for the rGO nanodispersion in PAO 40 from the comparison of their FTIR 

spectra (Fig. 2). 

 
2.1.1. Synthesis of rGO 

Reduced graphene oxide powders were synthesized following a reported procedure from 

Li et al.[15], but using as starting material graphene oxide monolayer powder (GO) supplied by 

Nanoninnova Technologies (Spain). GO powders (1.0 g) were mixed with KOH (1.0 g) and ethanol 

(4.0 mL). After that, this mixture was crushed with a mortar until a viscous black paste was 

formed. Subsequently, under inert atmosphere of Argon, a thermal treatment was carried out 

in a tube furnace heating it with a temperature ramp of 5ºC per minute until reaching the desired 

temperature of 700 °C and keeping at this temperature for additional 4 h. Through this 

treatment, we assume that GO powders were reduced to rGO sheets. Afterwards, the powder 

was washed several times with deionized water (3x3 mL) in order to remove residual KOH and 
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other impurities from the starting GO. Then, the obtained powder was dried at 80 °C for 4 h. The 

resulting dry powder was crushed in a mortar to reduce the particle size, yielding rGO powders 

(0.52 g). 

 

2.2. Morphological and Structural Characterization 

Both GO and rGO nanopowders were characterized by scanning electron microscopy 

(SEM) in order to evaluate their morphology and size, and observe the changes occurred in the 

GO nanosheets after the chemical treatment. SEM micrographs (Fig. 3) were acquired with a 

Zeiss Ultraplus Field Emission Scanning Electron Microscope, FESEM. High-resolution SEM 

images show that the rGO sheets are partially exfoliated (Fig. 3), compared to GO nanosheets. 

  

 

Fig. 3. SEM images of GO (a,c) and rGO (b,d) powders. 

 

c) d) 
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In order to characterize rGO and GO, Raman spectroscopy was conducted for both 

nanopowders. This technique is a powerful tool to analyze the oxygen content of graphitic 

materials [28]. Both Raman spectra present two bands around 1340 and 1580 cm–1 (Fig. 4), which 

are assigned to the D- and G-bands of carbon [15,29,30]. The D-band is associated with the 

structural defects or partially disordered structures of graphene oxide, while the G-band is due 

to the bond stretching of all pairs of sp2 atoms in both rings and chains of graphene oxide [31]. 

For GO powders, the ratio of intensities, ID/IG, between the two bands is close to unity, namely 

0.9. Nevertheless, the Raman spectrum of the rGO nanosheets shows a more intense D-band, 

with a ratio of intensities (ID/IG) of 1.1 [15,29]. The ratio increase indicates a decrease in the 

average size of the sp2 domains upon reduction of GO, and it can be interpreted only if additional 

smaller graphitic domains were originated, apart from those present on the GO before reduction 

[15,32]. 

 

Fig. 4. Raman spectra of (a) GO and (b) rGO. 

 

In addition, rGO powders were characterized by X-ray photoelectron spectroscopy (XPS) 

with the aim of obtaining quantitative results in relation with the GO reduction. The obtained C 

1s spectra for GO and rGO are presented in Figs S1 and S2 of the Supplementary Information, 

while the elemental composition of both nanopowders are presented in Table 1. The C/O atomic 

ratio for GO nanopowders is 2.05, being the total area of the bands relative to oxygenated 

groups (C=O: 287.4 eV, and O-C=O: 288.8 eV) bigger than the area of the band associated with 

C-C/C=C carbons (285.4 eV) (Fig. S1); these results confirm that our starting material (GO) has 
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an important number of oxygen atoms. After the thermal treatment with KOH, the atomic ratio 

C/O increases to 13.29, hence most of the oxygen atoms (79 %) were removed (Table 1). 

Accordingly, the C 1s XPS spectrum of rGO shows a strong C-C/C=C band (big area) and weak 

bands associated to oxygenated groups (Fig. S1), confirming the successful reduction of GO.  

 

Table 1  

Elemental composition of both nanopowders. 

 

Sample C O K   Ratio C/O 

GO 66.67 32.52 0.82   2.05 

rGO 91.55 6.89 1.56    13.29 
 

FTIR spectroscopy was also employed to characterize rGO powders (Fig. 5). The GO 

spectrum (Fig. 5a) exhibits strong vibration bands at: 3418 cm-1 corresponding to O−H stretch 

hydroxyl and phenolic groups, 1735 cm-1 attributed to a C=O stretch of carboxyl and carbonyl 

groups, 1625 cm-1 (bending modes of water molecules and C=C stretch), 1355 cm-1 (O−H 

bending), 1240 cm-1 (C−O stretch to phenols, ether, and epoxy groups) and 1066 cm−1 (C−O 

stretch correspond to hydroxyl groups) [17,33]. These results show the presence in GO of oxygen 

functional groups such as carboxyl, hydroxyl, epoxy, etc. linked to the graphene structure. In 

comparison, the FTIR spectrum of rGO shows the lack of all this bands (Fig 5b), evidencing the 

success of the thermal treatment removing most of these oxygen functionalities including the 

carboxylic groups. 

 

Fig. 5. FTIR spectra of (a) GO and (b) rGO. 
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2.3. Preparation of the dispersions 

Nanolubricants were prepared with different concentrations of rGO (0.05, 0.10, 0.25 and 0.50 

wt%) in the base oil, TMPTO or PAO 40. In this work, a two-step procedure was utilized to 

prepare the nanodispersions [12]. First, rGO dry powder was blended with the base oil; for this 

step a Sartorius balance (model MC 210P) with a readability of 0.01 mg was used in order to 

determine the concentration. Then, homogenization of the system was carried out with a 

Fisherbrand ultrasonic bath, in a continuous shaking mode during 4 hours with an effective 

power of 180W and a fixed sonication frequency of 37 kHz. 

 

 0 h 24 h 48 h 120 h 148 h 244 h 
99.75 wt% 
TMPTO + 
0.25 wt% 
GO 

      
99.75wt% 
TMPTO + 
0.25 wt% 
rGO 
 

      
99.75 wt% 
PAO 40 + 
0.25 wt% 
GO 

      
99.75wt% 
PAO 40 + 
0.25 wt% 
rGO 
 

      
 

Fig. 6. Photographs used for assigning the stability of the nanodispersions. 

 



11 
 

The stability of the nanolubricants was, in a first step, studied by visual observation. This 

analysis was performed also for the nanodispersion containing GO in order to determine the 

increase in stability against the sedimentation of rGO nanosheets with respect to the GO ones. 

The chosen concentration was 0.25% because it is intermediate in the range of the prepared 

nanodispersions. For GO nanodispersions the first signs of sedimentation appeared 24 h after 

sonication (Fig. 6), whereas for rGO dispersions no signs of sedimentation were observed for the 

first 240 h for both neat oils. This time is much longer than the necessary to carry out the 

tribological studies (about four hours). 

Refractometry was the second analysis technique used to check the increase in stability 

for the rGO nanopowders. The evolution of the refractive index with time it is depicted in Figure 

7. The increase in the refractive indexes is lower for the nanodispersions containing rGO than 

for those containing GO, regardless the base oil used, TMPTO (Fig. 7a) or PAO 40 (Fig. 7b). These 

results show the great stability improvement for the nanodispersions containing rGO in 

comparison to those with GO. 

 

Fig. 7. Temporal evolution of the refractive index, n: a) 0.05 wt% GO () and 0.05 wt% 
rGO () in TMPTO b) 0.05 wt% GO () and 0.05 wt% rGO () in PAO 40. 

 

Dynamic light scattering has also been used (Zetasizer Nano ZS DLS) in order to check 

the stability of nanodispersions, together with obtaining the apparent average size of dispersed 

nanosheets in the two base oils. We refer to apparent average size because this technique has 

been designed to study spherical particles whereas the present nanoadditives are flake-like 

shaped. More details were indicated previously [25]. For TMPTO and PAO 40 nanofluids 
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apparent average sizes of around 630 nm and 60 nm were found respectively, at the same 

concentration of nanodispersion (0.25wt% rGO) for both base oils. The smaller apparent average 

sizes found for PAO 40 rGO nanodispersion may be due to lower probability of collision of the 

nanoparticles in the more viscous fluid) because a lower Brownian motion [34]. DLS data (Fig. 8) 

reveal that both nanolubricants do not present high sedimentation at the initial stage (70 h since 

sonication), being this period of time smaller than the necessary to carry out the tribological 

measurements. 

 
Fig. 8. Apparent average particle size, Dm, obtained by DLS for nanodispersions at 0.25wt% rGO 

concentration in: TMPTO () and PAO 40 (). 
 

 

2.4. Tribological Tests 

With the aim of determining the friction coefficients, rotational friction tests were carried out 

using a CSM Standard tribometer in a ball-on-disk configuration. Thus, chrome steel balls AISI 

52100/535A99 (diameter: 6 mm; roughness <0.05 µm, hardness: 58-66 Rockwell “C” Scale) were 

run against AISI 52100/535A99 circular stainless steel plates (diameter: 10 mm; surface finish 

<0.02 µm Ra; hardness: 190-210 Hv30). Before starting a test, both the plates and the balls were 

cleaned with hexane and dried in hot air. After that, these specimens were lubricated with three 

drops of the lubricant under study. Tests were conducted under a normal load of 20 N that 

corresponds to a maximum contact pressure of 1.79 GPa. At least three replicates were 

performed for each sample at a trajectory radius of 3 mm, speed of 0.08 m·s-1 and a sliding 
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distance of 340 m. After performing the experiments, both the plates and the balls were washed 

with hexane. 

Wear in plates was evaluated in terms of the width, depth and cross-section area of the 

wear track as well as the roughness of the worn surface by means of a 3D Optical Profiler 

Sensofar S Neox. Although the circular wear scars on the plates seem quite uniform, for each 

sample the width and depth below the unworn surface were measured in three different zones, 

in order to obtain representative average values. To perform these measurements, the confocal 

mode was used to analyze both the balls and the plates with a 10X objective. A stitching 

operation was used in order to get the full images of the wear scar.  

3. Results and Discussion 

3.1. Tribological Behavior 

Friction coefficients, μ, obtained for the nanolubricants with 0.05, 0.10, 0.25 and 0.50 wt% 

of rGO, in TMPTO and PAO40 are reported in Table 2 and shown in Figs. 9 and 10, respectively. 

It can be clearly observed that for all the nanodispersions with TMPTO, the coefficient of friction 

is reduced with respect to that obtained with the base oil, obtaining the greatest friction 

reduction for the nanolubricant with a concentration of 0.25 wt%. Thus, a friction coefficient of 

0.0721 was obtained for this optimal concentration against 0.0904 for the neat TMPTO oil, as 

can be seen in Table 2. On the other hand, for all nanolubricants prepared with PAO 40, the 

friction coefficient was also reduced with respect to the base oil, obtaining the best friction 

behavior again for the nanolubricant of 0.25 wt% rGO. The relative reduction in the friction 

coefficient, ( )( )oildispersionoil µµµ −100 , calculated for the best antifriction behavior, 0.25 wt% rGO 

dispersion, is around 20% for TMPTO and 24% for the nanolubricant based on PAO 40. 

 

 

Table 2 
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Mean values of the friction coefficient, µ, and of the width, WTW, depth, WTD, and cross-section 

area of the wear track and their respective standard deviations for all nanolubricants. 

wt% µ σ WTW/µm σ/µm WTD/µm σ/µm Area/µm2 σ/µm2 

TMPTO + rGO 
0 0.0904 0.0013 361  9 2.17 0.05 447 20 

0.05 0.0818 0.0009 285 12 2.12 0.05 325 18 
0.10 0.0802 0.0010 299  8 2.09 0.04 334 17 
0.25 0.0721 0.0016 274  6 2.02 0.04 303 14 

0.50 0.0837 0.0022 299  8 2.29 0.06 340 18 
PAO40 + rGO  

0 0.0944 0.0010 287  8 1.26 0.11 302 27 
0.05 0.0795 0.0017 284 18 1.32 0.07 288 24 
0.10 0.0747 0.0002 278 10 1.18 0.14 280 27 
0.25 0.0715 0.0012 276  7 1.05 0.03 280 11 
0.50 0.0804 0.0011 298  7 1.32 0.08 311 14 

 

 

Fig. 9. Friction coefficient, µ, () and wear track width, WTW, () obtained with the base oil 
TMPTO and with the rGO nanolubricants. 
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Fig.10. Friction coefficient, µ, () and wear track width, WTW, () obtained with the base oil 
PAO 40 and with the rGO nanolubricants. 

 

 

Fig. 11. (a) 3D profile (10x) of the wear tracks on the plates and (b) images of the wear surface 
of the balls on the contact lubricated with neat TMPTO (left) and with the nanolubricant 
containing a 0.25 wt% of rGO (right). 
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Fig. 12. (a) 3D profile (10x) of the wear tracks on the plates and (b) images of the wear surface 
of the balls on the contact lubricated with neat PAO 40 (left) and with the nanolubricant 
containing a 0.25 wt% of rGO (right). 

 

The wear tracks obtained for the base oils and for the 0.25 wt% rGO in both TMPTO and PAO 40 

are shown in Fig. 11 and Fig. 12, respectively. In the same figures the wear marks belonging to 

the balls as well as the wear profiles produced in the plates can be also observed. The wear on 

the plates was analyzed in terms of not only the width, but also the depth and cross-section area 

both below the unworn surface of the scar. In Figs. 13 and 14 the cross-section profiles of the 

groves on the plate lubricated with neat TMPTO or PAO 40, respectively, and their dispersions 

containing a 0.25 wt% of rGO. As can be seen in Table 2, WTW and cross-section area are 

reduced for all the nano-lubricants studied with respect to the neat base oil TMPTO, obtaining 

a maximum wear reduction for the concentration of 0.25 wt% rGO (24 % and 32 % respectively), 

while the depth slightly varies for the different nanolubricants. A good relationship between 

friction and wear was found, since for the same concentration of nanolubricant, 0.25 wt% rGO, 

the best antifriction-antiwear behavior has been obtained. Furthermore, for the PAO 40 
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nanolubricants, as can be seen in Table 2, the wear track width and cross-section area hardly 

vary for the different concentrations of rGO whereas the depth decreases down to 17 % for the 

0.25 wt% rGO dispersion. For this last concentration also minimum values for WTW and the 

cross-section area were found (respectively 4 % and 7 % of decrease in comparison with the 

neat PAO 40). Thus, the antiwear capability of PAO 40 can be only slightly improved by the 

presence of this nanoadditive. On the other hand, wear obtained with the nano-lubricants based 

on PAO 40 are lower than those of dispersions based on TMPTO. 

The antiwear capability of the nanolubricants was confirmed comparing the roughness 

of the worn surfaces obtained with both 0.25 rGO wt% nanolubricants with those of the two 

base oils (TMPTO and PAO 40). The roughness parameter Ra was determined accordingly to the 

standard ISO 4287 applying a Gaussian filter with a long wavelength cut-off of 0.08 mm. A Ra 

value of 76 nm was obtained for the worn surface lubricated with TMPTO whereas for the scar 

corresponding to the 0.25 wt% in rGO nanolubricant Ra was found to be only 24 nm; indicating 

that the nano-dispersion produces a smoother surface compared to those of the TMPTO base 

oil; whereas for the PAO 40 nanolubricant (13 nm) the reduction of roughness compared with 

the base oil (14 nm) is not significant. 

Good antifriction and antiwear capabilities were found by Li et al. [15] with rGO nanopowders 

as additives of other polyalphaolefin (PAO 6). These authors attribute these good results to two 

effects: the patching effect and the formation of a protective boundary film physically adsorbed 

on the rubbing surfaces. Several authors have concluded that the key factor for the reduction in 

friction and wear is precisely the formation of these adsorbed graphene/graphite tribofilms in 

the contact [4,13,17,35].  
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Fig. 13. Cross section profiles of the wear tracks on the plate lubricated with neat TMPTO (top) 
and with the nanolubricant containing a 0.25 wt% of rGO (bottom). 

 

 

Fig. 14. Cross section profiles of the wear tracks on the plate lubricated with neat PAO 40 (top) 
and with the nanolubricant containing a 0.25 wt% of rGO (bottom). 

 

In order to confirm these mechanisms of protection against wear, the wear scars of all 

nanolubricants produced on the plates were analyzed by Raman spectroscopy. For this study, 

after the tribological tests, the plates were cleaned using an ultrasonic technique in an acetone 

bath, in order to remove the residual lubricant in the wear scar. As it can be observed in the 

Raman spectrum of the worn surface (Fig. 15) the characteristic D and the G-bands (around 1340 

and 1580 cm-1, respectively) of rGO nanopowders appear, confirming a physical adsorption of 

the rGO nanopowders in the worn area, forming a boundary film protection [7]. Other feature 

of this nanoadditive is its lamellar structure, which offers low shear stress and prevents 

interaction at the rubbing interfaces. 
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Fig. 15. Raman spectra of wear scar on the plates previously lubricated with (a) a dispersion of 
PAO 40 with 0.25 wt% of rGO and (b) a dispersion of TMPTO with 0.25 wt% of rGO. 

 

The tests performed in the present work correspond to the boundary lubrication regime. It is in 

this regime where the presence of nanoparticles can have a beneficial effect. Comparing the 

friction coefficient and wear obtained for the different concentrations of nanoadditives tested, 

an optimal concentration of 0.25 wt % of nanoparticles was found for both oils. At lower 

concentrations, the quantity of nanoparticles is not sufficient to prevent wear, being the 

behavior govern by the base oil; when the concentration is too high, nanoparticles tend to 

agglomerate, thus reducing the suspension stability, and the formation of large size aggregates 

which scratch the surface under loading [13,16,36].  

 

4. Conclusions 

In this work the following features were achieved: 

1. Reduced graphene oxide nanopowders, rGO, with only 7% of Oxygen content have 

been synthesized. 

2. Dispersions of two base oils (TMPTO or PAO 40) with (0.05, 0.10, 0.25 and 0.50) wt% 

of GO or rGO were prepared showing that through chemical modification of GO, a 

greater stability of the nanodispersions is achieved.  

3. The friction coefficient was for all the nanolubricants lower than that obtained with 

base oils. 
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4. The wear track widths and the cross-sectional areas obtained with the four 

nanolubricants based on TMPTO are lower than those corresponding to the neat oil. 

5. The minimum wear parameters and the best friction coefficient were obtained for 

the nanolubricant based on TMPTO additivated with a 0.25 wt% in rGO. Thus, this 

composition optimizes the antifriction and antiwear capabilities respect to those of 

the neat oil. 

6. The wear track widths and the cross-section areas of nanolubricants based on PAO 

40 are similar for all concentrations, obtaining a slightly better behavior for 0.25 wt% 

rGO. 

7. A lower wear is obtained with the nano-lubricants based on PAO 40 than with those 

of TMPTO. 

8.  From the Raman spectroscopy in the plates wear tracks, we can conclude that there 

is physical adsorption of the rGO nanopowders in the friction pairs. 
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