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A B S T R A C T   

Tribological performance of polyalphaolefin 32, PAO, is investigated by adding two nanomaterials (graphene 
nanoplatelets, GnP, and hexagonal boron nitride nanoparticles, h-BN) and an ionic liquid ([P6,6,6,14][DEHP], IL1, 
[P2,4,4,4][DEP], IL2, or [P6,6,6,14][(iC8)2PO2], IL3). Designed double hybrid nanodispersions are PAO/1 wt% ILX/ 
0.05 wt% GnP/0.1 wt% h-BN (X = 1, 2 or 3). The best anti-friction behavior corresponds to PAO/IL3/GnP/h-BN 
(40% reduction compared to that achieved with PAO). Anti-wear behavior is similar for the three double hybrid 
nanodispersions. Roughness of the worn surface tested with PAO is higher than that obtained for each of the 
nanodispersions. Tribo-film formation and repair effect on worn surfaces due to ILs and nanoparticles are 
revealed. Some positive synergies were found between each IL and GnP/h-BN as hybrid PAO additives.   

1. Introduction 

Reducing friction and wear is a global challenge, as both occur in an 
ever-increasing variety of material applications, from simple devices to 
industrial machinery components. Total world energy consumption 
coming from tribological contacts is around 23% [1]. Diminishing fric-
tion and wear is an important task not only to save energy, but also to 
extend the life of mechanical apparatus and reduce emissions [2–4]. 

Lubrication is one of the best useful ways to manage friction and 
wear, which is meaningful for energy saving, air pollution control and 
environmental protection [1–3]. For this reason, extensive research 
should be ongoing to develop high-performance lubricants. Nowadays, 
in boundary lubrication regime, controlled addition of nanoparticles 
(NPs) can tune the lubrication performance of oil-based lubricants, 
because NPs might enter the tribological contact area enhancing the 
tribo-film performance [5–8]. Their nanometric size allows them to fill 
friction interfaces and act as friction modifiers as well as extreme pres-
sure and anti-wear additives [6]. Several mechanisms are proposed as 
causes of friction and wear reductions due to NPs: mending effect, ball 
bearing effect, rolling effect or protective tribo-film effect [9–11]. Soft 
metallic NPs can produce a protective film, thus reducing friction and 
wear [5,12,13]. Tribo-films allow a smooth operation of mechanical 
devices with less friction preventing scuffing. On the other hand, two 

sliding surfaces can be separated by hard NPs, increasing their 
load-bearing capacity. In addition, the anti-wear effect can also be 
achieved due to mending effect on the worn surfaces due to nano-
particles, which fill surface grooves and/or adhere to the worn surface 
[14]. In this last mechanism, also known as surface repairing effect, NPs 
can repair the surface defects induced by friction, leading to both a 
reduction in the roughness of rubbing surfaces and the improvement of 
tribological properties [15]. 

Another important method to improve the lubrication performance 
of lubricant oils is the use of ionic liquids (ILs) as additives, which have 
extremely desirable attributes when used in the formulation of advanced 
lubricants [16,17]. In the early days, ILs were used as neat lubricants 
demonstrating very good tribological performance for many different 
chemical structures [16,18]. Because of their intrinsic polarity, ILs are 
firmly adsorbed on the metallic surfaces leading to strong tribo-films. 
Generally, the tribo-film on the contact surfaces is due to the selective 
adsorption of the IL anion/cation pair onto the metallic contact pair, 
providing reductions in friction and wear [19]. This tribo-film also 
provides enhanced resistance to scuffing for longer time under poor 
lubrication conditions. Nonetheless, the use of ILs as neat lubricants is 
limited to critical applications due to their high price compared to 
traditional base oils. For this reason and because small amounts of ILs 
(1–5 wt%) can significantly improve the tribological performance of the 
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base oil, ILs are used as lubricating additives [14,20–22]. 
Therefore, ILs and nanoparticles play an important role in improving 

the performance of the lubrication oils, whether they are used separately 
as individual additives or in formulating hybrid combinations [23–26]. 
Thus, the addition of both NPs and ILs to base oils can significantly 
improve the tribological properties compared to traditional lubricants, 
increasing their anti-friction and anti-wear performance [25,27–30]. 
These combinations allow increasing the stability of nanomaterials as 
additives in oils and particularly for traditional lubricants in which these 
additives cannot be easily dispersed [27]. This hybrid addition can lead 
to a better tribological behavior of the lubricant due to the synergistic 
lubrication effect, the mechanisms of which are not well-known [31]. 
On the other hand, the combination of different types of nanomaterials 
as additives recently opened new opportunities for the development of 
lubricants with excellent tribological performances due to the positive 
synergies among two or more components [5,32–35]. 

Combining the positive synergistic effect that two different nano-
additives can display, with the good tribological behavior of ILs as ad-
ditives, the idea of IL/NP1/NP2 hybrid additives arose. Thus, IL/NP1/ 
NP2 additives could be considered a great enhancer of the tribological 
properties of lubricants, but, up to our knowledge, no studies have been 
carried out on this matter. This research proposes to merge the capa-
bilities of the IL/NP and NP1/NP2 combinations that is, the double 
hybrid combination IL/NP1/NP2, as anti-friction and anti-wear en-
hancers. With this aim, in this work two different nanomaterials, hex-
agonal boron nitride nanoparticles (h-BN) and graphene nanoplatelets 
(GnP), combined with three phosphonium ILs, [P6,6,6,14][DEHP] (IL1), 
[P2,4,4,4][DEP] (IL2) or [P6,6,6,14][(iC8)2PO2] (IL3), are studied as dou-
ble hybrid additives of polyalphaolefin 32 (PAO). This polyalphaolefin 
has been chosen because it is one of the most widely used lubricant bases 
in current oil formulations of wind turbine gearboxes [36,37]. Taking 
into account that the highest source of energy loss in the gearboxes 
comes from friction between meshing teeth [36], the use of high per-
formance gearbox oils seems to be a very simple way to reduce power 
losses [37]. PAOs, saturated hydrocarbons classified by the American 
Petroleum Institute as group IV base oils [38] and named for their ki-
nematic viscosity at 373.15 K, are obtained from alphaolefin polymer-
ization followed by hydrogenation. Regarding nanomaterials, graphene 
derivatives are considered interesting nanoadditives for lubricants due 
to their abilities to improve base oils performances and their good sta-
bility in the lubricants against sedimentation over time [39]. h-BN, with 
lamellar crystalline structure [40], showed great performance when 
used as additive in lubricating oils [41,42]. Steel to steel contact was 
selected to carry out the tribological tests with the dispersions. These 
assays can help to identify the more efficient additives for lubricants. In 
addition, thermophysical properties of the lubricants were measured. 

2. Materials and methods 

2.1. Materials 

Graphene nanoplatelets, hexagonal boron nitride, and the three 
phosphonium ILs, [P6,6,6,14][DEHP] (IL1), [P2,4,4,4][DEP] (IL2) and 
[P6,6,6,14][(iC8)2PO2] (IL3) (Fig. 1), were supplied by Iolitec whereas the 
base oil (polyalphaolefin 32, PAO), with a density of 0.8403 g cm− 3 at 
298.15 K and a dynamic viscosity of 236.0 mPa s at 313.15 K, was kindly 
provided by REPSOL. Table S1 shows more details of the used samples. 

Scanning Electron Microscope (SEM) micrographs, X-ray patterns, 
EDX microanalyses and Raman spectrum of h-BN nanoparticles (disc 
like shape of nominal diameter of 70 nm with a layered hexagonal 
structure with an interlayer distance greater than 0.33 nm) were pre-
viously reported by Guimarey et al. [43] and Liñeira del Río et al. [41]. 
The EDX results showed that h-BN purity is approximately 99%. Gra-
phene nanoplatelets, which were characterized (SEM, TEM, Raman and 
FTIR) by Liñeira del Río et al. [44], have a purity of 99.5%, a mean 
particle diameter of 15 µm and a thickness of 11–15 nm. Polyalphaolefin 

32 was obtained mixing PAO 40 and PAO 6 in a proportion of 89/11 wt 
%, respectively. FTIR and Raman spectra of the three ionic liquids (IL1, 
IL2 and IL3) and PAO were previously reported by Nasser et al. [27], 
who identified all peaks and bands. 

2.2. Sampling preparation 

The nano-lubricants PAO/a wt% h-BN and PAO/b wt% GnP, being a 
0.025, 0.05 or 0.1 and b 0.025, were prepared using the two-step 
method. From tribological results (see Section 3.1 and Nasser et al. 
[29]) a= 0.1 and b= 0.05 were selected. Subsequently, four dispersions 
were made: PAO/0.1 wt% h-BN/0.05 wt% GnP and PAO/1 wt% 
ILX/0.1 wt% h-BN/0.05 wt% GnP (X = 1, 2 or 3). For the last three 
nanodispersions, adequate amounts of GnP and h-BN nanopowders were 
added to each ionic liquid in an agate mortar, then melded with the 
pestle in continuous motion for 10 min, to obtain the three heteroge-
neous blends: 1 wt% ILX (X = 1, 2 or 3)/0.1 wt% h-BN/0.05 wt% GnP. 
Subsequently, each blend is added to the appropriate amount of PAO oil 
obtaining the final PAO/1 wt% ILX/0.1 wt% h-BN/0.05 wt% GnP dis-
persions. 1 wt% of ILs concentration was selected according to the Zhou 
and Qu [22] review. The mass concentrations of h-BN, GnP and ILs were 
determined using a Sartorius MC 210 P high precision balance 
(0.00001 g). 

After preparation, all samples were continuously sonicated in a 
Fisherbrand TM 11203 ultrasonic bath at 37 kHz of frequency and an 
effective power of 180 W for 4 h, to obtain homogeneous nano- 
lubricants. Two sets of nanodispersions were arranged, one to analyze 
the stability of nano-lubricants by visual observation and the other to 
carry out tribological tests. 

Fig. 1. Chemical structure of phosphonium ILs: a) [P6,6,6,14][DEHP] (IL1), b) 
[P2,4,4,4][DEP] (IL2) and c) [P6,6,6,14][(iC8)2PO2] (IL3). 
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2.3. Thermophysical characterization 

Densities and viscosities of the four nanodispersions were measured, 
at 0.1 MPa, in the range (278.15–373.15) K by means of an Anton Paar 
SVM 3000 rotational Stabinger viscometer. This apparatus consists of 
two cells, one for the density measurement and another for viscosity. 
Details of the device are reported in Table 1. 

2.4. Tribological trials 

A CSM Standard tribometer in the rotational ball-on-disc configu-
ration was used to carry out the friction tests. The procedure was pre-
viously reported [29] and is summarized in Table 2. 

Surface topography profiles of worn surfaces of the discs were ob-
tained with a Sensofar S neox 3D Optical Profilometer. From these 
profiles, the width, cross sectional area and maximum depth were 
determined. A Scanning Electron Microscope (SEM, Carl Zeiss FESEM 
ULTRA Plus) was also used to characterize the worn surface topography. 
Confocal Raman microscopy (WITec alpha300R+) was used to under-
stand the role that both ILs and nanomaterials have in the reduction of 
worn scars compared to those lubricated with PAO base oil, being 
0.5 µm the depth of detection that this technique has with our samples 
under the measurement conditions. 

3. Results and discussion 

3.1. Concentration selection of nanoadditives 

For the suitable concentration selection of nanoadditives (h-BN and 
GnP) in PAO, PAO/a wt% h-BN (a 0.025, 0.05 or 0.1 wt%) and PAO/ 
0.025 wt% GnP dispersions were tested with the tribometer (Table S2). 
The friction coefficients (μ) with the nanodispersions PAO/0.05 wt% 
GnP and PAO/0.1 wt% GnP were previously reported [29]. Fig. 2 shows 
the friction values of these nanodispersions together with that of PAO. 
Respect to neat PAO, friction percentage reductions of 20%, 23% and 
26% were achieved with the addition of 0.025, 0.05 and 0.1 wt% h-BN, 
respectively. Regarding the addition of 0.025, 0.05 and 0.1 wt% GnP to 
PAO the corresponding reductions were 15%, 17% and 5%. Conse-
quently, concentrations 0.1 wt% h-BN and 0.05 wt% GnP were selected 
for further experiments herein. Hereafter, 0.05 wt% GnP/0.1 wt% h-BN 
will be referred to as GnP/h-BN. 

3.2. Stability of the nanodispersions 

All the samples were kept at room temperature with no disruption to 
detect if sedimentation occurs at the bottom of the vial or, conversely, 
the sample remains stable. The images are shown in Fig. 3. Partial 
sedimentation of nanodispersions including GnP/h-BN (Fig. 3a) and 
IL2/GnP/h-BN (Fig. 3c) was observed before 60 days of preparation, 
whereas no sedimentation occurs for the nanodispersions PAO/IL1/ 
GnP/h-BN and PAO/IL3/GnP/h-BN, which remain stable for at least 
150 days. Thus, regarding the temporal stability of the dispersions, 
positive synergies are revealed between IL1 [P6,6,6,14][DEHP] or IL3 
[P6,6,6,14][(iC8)2PO2] and GnP/h-BN. Note that these two last ILs 

contain the same cation, [P6,6,6,14]+. Similar positive synergies were 
previously found for h-BN dispersions with the same ILs [27]. 

3.3. Thermophysical properties 

The density (ρ) and the dynamic viscosity (η) of the four PAO dis-
persions are reported, in the range (278.15–373.15) K, in Tables S3 and 
S4. All nano-lubricants showed slightly greater density values than PAO. 
Fig. S1 presents, for each nanodispersion, the mean increase in the entire 
temperature range. Specifically, the density increase values due to the 
addition of GnP/h-BN nanomaterials without or with ILs range from 
0.21% (PAO/GnP/h-BN at 373.15 K) to 0.46% (PAO/IL2/GnP/h-BN at 
298.15 K). 

Viscosity values of the dispersions are higher than those of PAO as 
can be seen in Fig. S2 and Table S4. Viscosity increases values due to 
GnP/h-BN nanomaterials without or with ILs addition range from 2.0% 
to 8.9%; the highest increase corresponds to the double hybrid nano-
dispersion containing IL2 at 278.15 K, and the minimum to PAO/GnP/h- 
BN at 373.15 K. 

3.4. Friction behavior 

The friction performance of all the lubricants is illustrated in Fig. 4, 
whereas Table S5 presents for each lubricant the average µ values (three 
replicates) together with their percentage reductions and standard de-
viations. All tested nanodispersions improve the friction behavior of the 
base oil. The friction reductions ranged from 33% to 40%, where the 
lowest reduction (33%) was achieved by addition of both 0.05 wt% GnP 
and 0.1 wt% h-BN to PAO, while their use separately as additives led to 
26% and 17% [29], respectively (Fig. 2). This fact shows the relevance 
of their hybrid combination as additives and the synergies between both 
NPs. Slightly better results were obtained with the PAO/IL3/h-BN/GnP 
hybrid lubricant, followed by PAO/IL1/h-BN/GnP and then 
PAO/IL2/h-BN/GnP with friction reductions of 40%, 35% and 34% 
respectively. Therefore, positive anti-friction synergies were found 
when ILX is added to the PAO/GnP/h-BN nanodispersion. Comparing 
the results obtained for the double hybrid nanodispersions 
(PAO/ILX/GnP/h-BN) with those of PAO/ILX/GnP [29], positive syn-
ergistic effects were observed between the combination GnP/h-BN and 
each of the ILs based on [P6,6,6,14]+ (IL1 and IL3), as anti-friction PAO 
additives, especially with the nano-lubricant containing IL3. Further-
more, we must bear in mind that the hybrid combination containing IL2 
does not improve the temporal stability of the PAO/GnP/h-BN disper-
sion. Previous results in PAO/ILX/h-BN [27] led to friction reductions of 
up to 17% compared to neat PAO and for PAO/ILX/GnP [29] these re-
ductions reached 24%, whereas the double hybrid nanodispersions 
PAO/ILX/GnP/h-BN lead to friction improvements of up to 40%. 
Therefore, these results validate the positive synergies not only of the 
hybrid combination GnP/h-BN but also of the double hybrids (both 
nanomaterials and ILs). 

Table 1 
Rotational Stabinger device details.  

Anton Paar Stabinger SVM 3000 

Property Operational principle Expanded uncertainty 
(k = 2) 

Temperature Pt100 0.02 K from 288.15 K to 
378.15 K 
0.05 K outside that range 

Density Oscillating U-tube 0.0005 g cm− 3 

Viscosity Rotational Couette viscometer with 
cylindrical geometry 

1%  

Table 2 
Test conditions and tribopairs.  

CSM Standard tribometer: rotational ball-on-disc configuration 

Test parameters Tribopair 

Normal load 20 N  Ball Disc 
Radius 3 mm Material AISI 

52100 
AISI 52100 

Linear speed 0.1 m⋅s− 1 Dimensions 
(mm) 

∅6 ∅10 
Time 3400 s 
Lubricant 

volume 
0.15 mL Hardness 58–66 

HRC 
190–210 
Hv30 

Temperature Room 
temperature 

Surface 
roughness, Ra 

– < 0.02 µm  
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3.5. Wear behavior and analysis of the worn surface 

The average values of the three replicates of the wear parameters 
measured (wear scar width, WSW, cross-sectional area, and the 
maximum depth of the wear track) are also reported in Table S5. Fig. 5 
presents the WSW values of the discs lubricated with the designed lu-
bricants, generated during the friction tests. Table S5 shows that the 
addition of 0.1 wt% h-BN/0.05 wt% GnP to PAO slightly reduces the 
WSW from 260.0 µm [29] to 246.7 µm. On the other hand, the hybrid 
combinations of 1 wt% IL1 or 1 wt% IL2 or 1 wt% IL3 with 0.1 wt% 
h-BN/0.05 wt% GnP resulted in significant reductions in WSW, down to 
231.0 µm, leading to a reduction of 11%, whereas for the previously 

tested nano-lubricants 1% wt ILX/0.05 wt% GnP [29], without h-BN, 
similar width reductions were achieved (12%). Table S5 also shows 
reductions in the cross-sectional area for all the nanodispersions, 
ranging from 9%, in the case of PAO/h-BN/GnP, to 18% for 
PAO/IL2/h-BN/GnP and for PAO/IL1/h-BN/ GnP. As regards the worn 
scar depths, a similar trend was found. In this case, the wear reductions 
range from 13% to 16% for the same dispersions. As an example, in  
Fig. 6 the 2D wear track profiles corresponding to PAO/IL1/GnP/h-BN 
(in blue) and the neat PAO (in orange). Accordingly, comparable 
anti-wear results were found for the three hybrid nanodispersions con-
taining ILs. Thus, comparing the wear results obtained for the double 
hybrid nanodispersions PAO/ILX/GnP/h-BN with those of 
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Fig. 2. Average friction coefficient (μ) of different nanodispersions compared with that of neat PAO (Table S2 and [29]).  

Fig. 3. Sample photos to monitor any precipitation of the additives in PAO lubricant oil; (a) PAO/GnP/h-BN, (b) PAO/IL1/GnP/h-BN, (c) PAO/IL2/GnP/h-BN, and 
(d) PAO/IL3/GnP/h-BN. 
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PAO/GnP/h-BN, positive synergistic effects were observed between the 
GnP/h-BN combination and each IL, as PAO anti-wear additives. 
Regarding the effect of adding h-BN NPs, the anti-wear behavior in 
terms of WSW using PAO/ILX/GnP/h-BN dispersions is similar to those 
obtained using PAO/ILX/GnP lubricants, although worse for the trans-
versal area or the depth [29]. 

The roughness values (Ra) of worn disc surfaces, measured with the 
3D optical profilometer (ISO 4287 standard, 0.08 mm Gaussian filter 
long wavelength cut-off), are shown in Fig. 7. Varied results were found 
depending on the type of lubricant, the lowest Ra (0.058 µm) 

corresponds to the addition of IL2/GnP/h-BN to PAO, leading to a 
reduction of 62% compared to the worn surface lubricated with the base 
oil, whose Ra is 0.151 µm. Moreover, the hybrid combination of GnP/h- 
BN and IL1 or IL3 resulted in the decrease of Ra to 0.071 µm and 
0.062 µm, respectively, when added to PAO. Hence, it can be concluded 
that the smoothness of the worn surfaces is due to the presence of the 
nanoadditives and ILs. This fact again corroborates the existence of 
several positive synergistic effects between each of the ILs and GnP/h- 
BN. 

Additionally, to analyze wear mechanisms, SEM micrographs of 
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(X = 1, 2 or 3) compared with that of PAO base oil. 

0

2

4

6

8

10

12

210

220

230

240

250

260

W
SW

 %
 re

du
c

on
 

W
SW

/µ µ
m

Fig. 5. Average WSW (μm) values (Table S5 and [29]) at the disc surfaces lubricated with different samples, and their reductions (%) respect to neat PAO per-
formance (room temperature). 

K.I. Nasser et al.                                                                                                                                                                                                                                



Tribology International 163 (2021) 107189

6

worn tracks lubricated with the studied lubricants were carried out. 
Fig. S3 shows that with the PAO/GnP/h-BN nano-lubricants and with 
the double hybrid nano-lubricants (PAO/ILX/GnP/h-BN) quite 

important decreases in WSW compared to that obtained with PAO base 
oil. These results confirm the WSW measurements obtained with the 3D 
profilometer (Table S5). Fig. S3 also evidences plastic deformation in all 

Fig. 6. Cross-sectional profiles of the worn tracks obtained with PAO and PAO/IL1/GnP/h-BN.  
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the cases and abrasive wear scratches in the track corresponding to the 
neat PAO oil [29] whereas smoother surfaces were achieved for the 
tracks lubricated with the nano-lubricants. These results agree with the 
roughness measurements performed with the profilometer (Fig. 7). 

Raman spectra and elemental mapping of the worn surfaces lubri-
cated with PAO/GnP/h-BN (Fig. 8), and PAO/ILX/GnP/h-BN with 
X = 1, 2 or 3 (Figs. 8–10) were recorded with the confocal Raman mi-
croscope (wavelength 532 nm) to obtain information on the composi-
tion of the tribo-film. The Raman spectra of the nanodispersion 
components: PAO, IL1, IL2, IL3, and both nanoparticles were charac-
terized in previous articles [27,28]. 

On the worn surface lubricated with PAO/GnP/h-BN, Fig. 8, Raman 
microscopy reveals areas containing GnP (cyan) and areas with h-BN 
(green). Regarding the worn scar lubricated with PAO/IL1/GnP/h-BN 
(Fig. 9) small areas with GnP and h-BN can also be observed (blue and 
green color, respectively). In addition, a significant tribo-film was found 
on the edges of the worn surface due to IL1 (cyan color). 

Regarding the worn surface lubricated with PAO/IL2/GnP/h-BN 
(Fig. 10), an interface of a similar nature to the previous case was 
observed, i.e., there are small areas containing the nanoparticles (GnP 
and h-BN) and an IL tribo-film at the edges due to the presence of IL2. 
Finally, for the worn discs lubricated with PAO/IL3/GnP/h-BN (Fig. 11), 
the presence of areas of GnP and h-BN (cyan and green color, respec-
tively) can be observed. However, on this surface, the number of h-BN 
small areas at the edges of the worn scar is strongly greater than in the 
previous cases. A significant IL3 tribo-film was detected at the edges of 
the worn surface as for the previous nanodispersions. It is interesting to 
note that for the nano-lubricants PAO/ILX/GnP/h-BN, no iron oxides 
were detected in the corresponding worn scars whereas for PAO/GnP/h- 
BN, ferrous oxide was found. 

In summary, considering these Raman studies for all the worn sur-
faces lubricated with the prepared nanodispersions, as well as the 
roughness analysis of disc worn scars with the profilometer (Fig. 6), it 
can be concluded that the main tribological mechanisms are the for-
mation of the IL tribo-films, as well as the mending/repairing effect due 
to nanoadditives (GnP and h-BN). Tribo-films generated in a steel–steel 

contact lubricated by an engine oil additivated with IL1 were detected 
by Zhou et al. [45]. Regarding the mending effect of nanoparticles, 
previous studies [27,28] showed that both h-BN and GnP nanoadditives 
tend to bind to the worn scar through the repairing tribological mech-
anism, improving the anti-friction and anti-wear performance as well as 
the roughness of the worn surface, as in this work. In the case of gra-
phene nanoplatelets, this mechanism could be due to the extremely thin 
laminated structure, which offers low shear strength between the layers, 
avoiding interaction at the rubbing interface [46]. Furthermore, the 
planar shape of GnP gives them a lower probability of incising and 
deforming the asperities of shearing surfaces. In fact, Zhao et al. [47] 
analyzed the lubrication behavior for graphene nanoadditives with 
different exfoliations, concluding that tribological improvement is due 
to the formation of well-ordered graphene tribo-films at the friction 
interface and due to changes in the graphene microstructure during 
tribological tests. Considering these results, positive anti-friction and 
anti-wear synergies were found between the GnP/h-BN nanoadditives 
and the IL with the hybrid nanodispersions. 

4. Conclusions 

In this work, synergistic effects of h-BN nanoparticles and GnP 
nanoplatelets with or without ILX (X = 1, 2 or 3) as additives of PAO 
base oil for an AISI 52100/AISI 52100 contact pair at room temperature 
were studied and the following achievements have been reached:  

- Based on friction tests, the concentrations 0.1 wt% h-BN and 0.05 wt 
% GnP were selected in this article. As regards ILs, the concentration 
was 1 wt%.  

- From the four dispersions (PAO/GnP/h-BN and PAO/ILX/GnP/h- 
BN, X = 1, 2 or 3) those containing IL1 and IL3 were stable for at 
least 150 days whereas sedimentation appears in the other two 
before 60 days.  

- The base oil density increments due to the addition of h-BN and GnP 
without or with ILs ranges from 0.21% to 0.46%, whereas the 

Fig. 8. Raman spectra and elemental map of the worn surface corresponding to the nano-lubricant PAO/GnP/h-BN.  
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viscosity ones reach 8.9%. The maximum increases for both prop-
erties correspond to the nanodispersion PAO/IL2/GnP/h-BN.  

- All nanodispersions improve both the anti-friction and anti-wear 
capabilities of PAO. Friction reductions ranged from 33% to 40%, 
being the best anti-friction behavior for the nano-lubricant PAO/IL3/ 
h-BN/GnP. As regards wear, reductions in terms of WSW ranged 
from 5% to 11%, being the best anti-wear performance for the PAO/ 
IL2/GnP/h-BN and PAO/IL1/GnP/h-BN nanolubricants. Tribo-film 
formation due to ILs and mending effect due to nanoparticles were 

confirmed by roughness measurements and confocal Raman micro-
scopy on the worn surfaces.  

- From the above results, it can be concluded that positive synergies in 
terms of stability, anti-friction capability and worn surface roughness 
were found between the ILs containing the trihexylte-
tradecylphosphonium cation and both GnP and h-BN as hybrid ad-
ditives of PAO. Furthermore, it should be noted that there are no 
anti-wear improvements when h-BN is added to PAO/ILX/GnP 
nanodispersions. Nevertheless, there is an important improvement in 

Fig. 9. Raman spectra and elemental map of the worn surface corresponding to the nano-lubricant PAO/IL1/GnP/h-BN.  

Fig. 10. Raman spectra and elemental map of the worn surface corresponding to the nano-lubricant PAO/IL2/GnP/h-BN.  
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the worn surface roughness when PAO/ILX/GnP/h-BN (X = 1, 2 or 
3) is used as lubricant. 
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