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Abstract: There exists an ever-growing need for sustainable engineering solutions to improve emis-
sion control and the energy efficiency of tribosystems. This study examines the tribological properties
of two environmentally friendly vegetable fluids, soybean and sunflower oil, with the addition of
three non-toxic nanostructures (h-BN, silver and MgO) at different concentrations. It was found that
nanostructures added to vegetable oils at specific concentrations can exhibit good friction reduction
and wear preventive properties. The addition of h-BN nanosheets in sunflower oil decreased the
coefficient of friction and the wear damage, as measured by the wear scar diameter. Silver and
magnesium oxide nanoparticles further reduced the friction and wear, respectively. In addition to
the tribological testing of the samples, investigations were performed using an optical microscope,
SEM and EDX to elucidate the mechanisms that may have led to the observed friction reduction and
wear-preventive properties of different nanostructure additives. The thermophysical properties of
the samples were also measured. It was found that the thermal conductivity of both base oils could
be enhanced by 24% when using h-BN at 0.25 wt% concentration.

Keywords: green lubricants; biolubricants; nanoparticles; nanosheets; nanostructures; tribological
performance

1. Introduction

The use of vegetable lubricants as alternatives to mineral oils has garnered growing
interest, aiming to reduce the carbon footprint of industrialization [1]. The rising adoption
of biolubricants stems from global policies that prioritize green chemistry and a circular
economy and has attracted significant interest in scientific and industrial realms [2,3].
Vegetable lubricants not only showcase good lubricating properties, but more significantly,
they are inherently biodegradable, which results in minimal environmental harm [4,5].
Their biodegradability ranges from 90% to 100%, as compared to mineral oils that showcase
a biodegradability of just 10–45%, and they are characterized by their non-hazardous
nature and renewable composition, making them a sustainable choice in various technical
applications [6]. Studies have demonstrated that the use of biofuels and vegetable lubricants
can effectively decrease the emission of contaminants and pollutants, such as CO2 and
other hydrocarbons [7–10]. These types of environmentally friendly and biodegradable
lubricants manufactured from vegetable or other natural resources are often referred to as
“green lubricants”.

When compared to petroleum-based fluids, green lubricants possess a variety of bene-
fits and advantages, including higher lubricity, lower volatility and higher shear stability,
detergency, dispersancy and viscosity index [11]. Due to their superior biodegradability
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and reduced toxicity when compared to traditional petroleum-based products, green lubri-
cants hold significant promise for industrial applications. For this reason, vegetable oils are
having a slow but steady comeback in different industry sectors where petroleum-based
oils have traditionally been used [7].

However, one of the main challenges in using vegetable oils as lubricants is their poor
thermo-oxidability [7,12], which compromises their effectiveness at elevated temperatures.
The incorporation of nanostructures to base lubricants have traditionally been explored
as a way to reduce the coefficient of friction and enhance its wear-preventive properties.
However, nanostructures can also act as thermal dissipators of the heat generated in the
tribosystem [13–16], ultimately resulting in an overall improved performance.

Numerous investigations have explored the utilization of nanoparticles in lubrica-
tion [17]. The effectiveness in decreasing friction and wear is closely linked to the specific
attributes of nanoparticles, including their size, shape and concentration, as highlighted
by Hu et al. [18]. The diminutive size of nanoparticles can be deemed as the most im-
portant feature that facilitates their penetration into the contact area, yielding a favorable
lubrication effect [19,20].

The majority of papers reporting the effect of nanoparticles on lubricants have focused
on mineral or synthetic base oils. However, research is now leaning towards the devel-
opment of effective combinations of biolubricants and nanostructures and the study of
their tribological performance. In a recent study, Kumar et al. [21] reported that adding
CuO nano-oxides into sunflower and soybean oil resulted in a 35% and 29% reduction in
coefficient of friction (COF) at a concentration of 0.25 wt%. Conversely, the addition of
ZrO2 reduced the COF by 27% in sunflower oil but showed no improvement in soybean oil.
A different study by Alves et al. [22] found that zinc oxide and copper oxide nanoparticles
were ineffective as anti-wear additives for soybean and sunflower oils, leading to increased
abrasive wear on the worn surfaces. It is important to note that due to the various types,
sizes and morphology of nanoparticles, and the different intrinsic properties of the base
oils, each combination of nanoparticles and lubricants will exhibit completely different
tribological performances.

In this work we explore the tribological performance and thermophysical properties
of a set of novel green multi-functional lubricants that combine environmentally friendly
oils with nontoxic nanoparticles and nanosheets. These results will inform the viability to
use these mixtures in different applications where traditional petroleum-based lubricants
are used.

2. Experimental
2.1. Materials

Soybean and sunflower vegetable oils are used as base lubricants (Table 1). The oils
are obtained from Aceites, Grasas y Derivados, S.A. de C.V. (Zapopan, Jalisco, Mexico).
Three different nanostructures (h-BN, Ag and MgO) are added at various filler fractions
(0.01, 0.05, 0.10 and 0.25 wt%) to the base oils to formulate vegetable nanolubricants.

Nanostructures can be classified based on their shape and dimensionality into nanopar-
ticles, nanofibers, nanosheets, nanorods, etc. In this study, 2D nanosheets of h-BN are
synthesized according to Taha et al. [23] by the liquid exfoliation method. Ag and MgO
0D-nanoparticles are obtained from Sigma Aldrich (See Table 2). The nanolubricants are
prepared by homogeneously dispersing the nanostructures within the vegetable lubricants.
First, the mixtures are manually agitated for 10 min. Then, the samples are further homoge-
nized using a Bransonic CPX5800 water bath ultrasonicator for 6 cycles of 1 h each. Fresh
water is used in every cycle to avoid changes of temperature due to vibration.
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Table 1. Properties of base oils [24].

Raw Lubricant Viscosity @ 50 ◦C
[mPa·s]

Density @ 20 ◦C
[kg/m3]

Thermal
Conductivity @ 50 ◦C

[W/m K]

Sunflower 28.50 917.8 0.163
Soybean 23.59 910.6 0.155

Table 2. Properties of h-BN, Ag and MgO nanostructures.

Nanostructures CAS Size [nm] Hardness [MPa] Density [kg/m3]
Thermal

Conductivity
[W/m K]

h-BN 10043-11-5 300 by 400 660–3000 2100 220–420
Ag 7440-22-4 <100 250–1100 10,490 430

MgO 1309-48-4 <50 5000–7000 3600 30–60

2.2. Tribological Testing—Four-Ball Configuration

The tribological performance of the samples is studied by means of a four-ball tri-
bometer (Figure 1). The testing parameters are set in accordance to the ASTM standard
D4172-A, i.e., speed 1200 rpm, load 147 N, duration of the test 3600 s. The temperature is
adjusted to 50 °C instead of 75 °C to guarantee the thermal stability of the samples.

In a four-ball test, three chromium steel, AISI 52100, grade 25 balls that are 12.7 mm
in diameter are clamped together in a triangular formation, and an upper fourth ball is
rotated against the lower three balls, generating a point contact with each of them. The
whole assembly is then immersed in the fluid of interest and loaded from the bottom.

The coefficient of friction (COF) is recorded as a function of time for all the tests. The
average of the time-series coefficient of friction is reported for each test. After running
evaluations for one hour, the wear scar diameter (WSD) of the lower three balls is measured
by means of an optical microscope. The average value of these measurements for a given
test is the reported value of WSD. Three tests are conducted for each mixture to report the
standard error.

Figure 1. Schematic of the Four-ball testing assembly.

2.3. Thermophysical and Fluid Property Evaluation
2.3.1. Thermal Conductivity

The transient hot-wire technique was employed to determine the thermal conductivity
of the mixtures. In this method, a line heat source probe is inserted into a glass vial
containing the nanolubricant which is initially at constant and uniform temperature. The
line heater is supplied with power and the temperature adjacent to the heat source is
monitored and recorded over time. The system waits for 30 s for thermal equilibrium of
the evaluated material before the heating stage starts for over 30 s. The temperature is
then recorded both during the heating and cooling phases. A KD2 Pro thermal analyzer
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equipped with a KS-1 sensor is used for this purpose. Meaurements are conducted at room
temperature (300 K).

2.3.2. Viscosity

The viscosity was measured using a Haake Mars 40 Rheometer (Thermo Fisher Scien-
tific, Waltham, MA, USA) with a parallel-plate configuration. Each sample was evaluated
at a shear rate ranging from 0.1 to 1000 1/s. All the reported values were measured at 50 °C
(323 K), which is the temperature at which the tribological tests are run.

2.4. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) and scanning electron microscope (SEM)
images of the wear scars after tribological evaluations were obtained using a high-resolution
field emission scanning electron microscope (FEI Quanta 400 ESEM FEG, Waltham, MA,
USA). The SEM images are captured at 200× and 600× magnification with a dwell time
per pixel of 60 µs and an 11.3 mm working distance in high vacuum. The electron landing
energy is set to 15 kV using the through lens detector in the back scatter electron detection
mode. The EDS spectra is captured with a resolution of 131.3 eV and amp time of 7.68 µs.

3. Results and Discussion
3.1. Tribological Tests

Figures 2 and 3 show the average COF and average WSD of the different mixtures as
a function of concentration. In the secondary vertical axes, the thermal conductivity and
the viscosity of the mixtures are displayed. For all parameters, the error bars represent one
standard error (n = 3).

In these Figures, green boxes are placed on top of the best-performing mixtures to
indicate the % of reduction in COF or WSD obtained by the incorporation of the nanostruc-
ture into the base oil. For instance, Figure 2 shows that the addition of 0.05 wt% h-BN in
sunflower oil lead to the largest reduction in COF, i.e., 21% . A clear U shape is observed
when analyzing the bar plot of COF as a function of h-BN concentration. As h-BN has a
similar lamellar structure to graphene [25], the tribological performance of the mixtures can
be explained by the mechanism proposed in Zhang et al. [26] for lubricants using graphene
as additives. Zhang et al. claims that at lower concentrations the lamellar structures can
form a protective layer atop the interacting surfaces reducing wear, and at slightly higher
concentrations these lamellar structures can slide upon each other reducing the COF. How-
ever, as the additive exceeds a critical concentration, it can pile up and the oil film becomes
much more discontinuous, thus degrading the lubricating properties.

Figure 2. Tribological properties of sunflower oil cs. wt% concentration of h-BN, Ag and MgO nanos-
tructures. The error bars represent one standard error (N = 3). The first data point is representative of
the base oil.
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From Figure 2, it can also be noted that the addition of Ag and MgO nanoparticles
did not have a significant effect on the COF of the mixtures. However, the addition of the
three types of additives did show a meaningful change in the wear-preventive properties
at specific concentrations. In the case of h-BN, the highest reduction of WSD was obtained
with the addition of 0.25 wt%, leading to a reduction of 9% in WSD. While the addition of
0.1 wt% of Ag and 0.05 wt% of MgO lead to a reduction in WSD of 8% and 7%, respectively.

Figure 3. Tribological properties of soybean oil cs. wt% concentration of h-BN, Ag and MgO nanos-
tructures. The error bars represent one standard error (N = 3). The first data point is representative of
the base oil.

In the case of soybean oil (Figure 3), it is observed that the average COFs of all mixtures
are lower than that of pure base oil, indicating that the three additives can enhance the
friction reduction ability. The best performing samples in terms of COF are soybean oil
with the addition of 0.01 wt% Ag, which lead to a reduction in COF of 28%, soybean oil
with 0.1 wt% h-BN and soybean oil with 0.01 wt% MgO with a reduction of 11% and 15%
in COF respectively. In all cases there is a decreasing trend in COF for lower concentrations
of nanostructures; however, when exceeding a threshold in concentration, an increase in
COF is observed.

The trend is the same in terms of WSD as a function of concentration when using Ag
and MgO nanoparticles. This illustrates that h-BN, Ag and MgO nanostructures adhere
to the surface of the rubbing metallic balls, forming a protective film that prevents direct
contact of the friction pairs, thus reducing friction. This remains true until a certain value of
concentration is exceeded generating the discontinuity of the lubricating film, thus leading
to the degradation of the tribological properties. This discontinuity is caused by the aggre-
gation and entanglement of nanostructures at higher concentrations. The agglomeration
effect restricts the additives and base oil to enter the surface of the rubbing friction pairs,
leading to a reduction in the friction-reduction and wear-prevention performance.

In summary, no meaningful change in COF is evidenced with the incorporation of
the reinforcing nanostructures in the case of sunflower oil, except for the addition of h-
BN. In the case of soybean oil, a decrease in COF was observed with the addition of any
of the three nanostructures. On the other hand, a reduction in wear scar diameter of
around 10% could be obtained for both vegetable oils using any of the nanostructures at
specific concentrations.

3.2. Nanostructures Size

An extensive research has been conducted to determine the effect of additive size
on system performance [27–30]. Previous studies have shown in numerous instances



Lubricants 2024, 12, 66 6 of 12

that sub-micron-sized powder lubricants demonstrate superior tribological abilities in
comparison to micron-sized powder lubricants due to their size being similar to the surface
asperities [31–33].

In this study, no clear effect of nanostructures’ size over the tribological performance
of the samples is evidenced in the results. One would expect smaller nanostructures
to have a more meaningful effect in the lubricating performance of the sample, as the
nanostructures would more easily and readily be introduced in between the asperities of
the contacting surfaces [25,27]. However, an improvement of the tribological properties
of the samples when using smaller nanostructures is not clearly evidenced in this study,
as all the additives used in this study are nano-sized structures. Previous studies have
concluded that an optimal size of nanostructures is required below which no improvement
in frictional properties occur [11], implying that the size of the nanostructures used in this
study was below the optimum size.

3.3. Thermophysical Properties

Thermal conductivity is a critical property of lubricants because thermal dissipation
can enhance the tribological performance of the system. In general, previous studies have
shown that an enhanced thermal conductivity will not just translate to higher cooling rates,
but also to reduced friction and improved wear resistance [34–39].

It is observed that for all the mixtures, an increase in reinforcing filler fraction translates
to an improvement in thermal conductivity. This was expected since prior research has
proven that thermal conductivity enhancement of nanofluids directly depends on the
thermal conductivity and concentration of the reinforcing solid particles [40–42].

Results show that the addition of 0.25 wt% h-BN increase the thermal conductivity of
both conventional vegetable oils by approximately 24%. In the case of MgO nanolubricants,
thermal conductivity increased by 22% at 0.25 wt%. Meanwhile, with Ag nanofiller as a
reinforcement, the thermal conductivity of sunflower oil increased by almost 28%, and of
soybean oil by 19%.

3.4. Lubrication Mechanism

Viscosity seems to have a more meaningful effect on the wear rate of the samples than
thermal conductivity. No meaningful change in viscosity is evidenced with the addition
of nanostructures at different filler fractions; however, it can be observed that in general,
sunflower oil exhibits a higher viscosity than soybean oil, as expected from its lower
unsaturation levels. It is observed that higher viscosities translate into less wear. Sunflower
oil mixtures display notably smaller WSD values compared to soybean oil mixtures.The
samples with combined highest viscosity and highest thermal conductivity are the ones
that exhibit the lowest WSD amongst all samples.

On the other hand, viscosity does not seem to have such a noticeable effect on the
COF. This could be explained by the fact that, as predicted by Hamrock and Dowson
(Equations (1)–(3)), the system operated in the boundary lubrication regime. In this regime,
the COF is affected by the nature of the surface and lubricant type but is largely independent
of viscosity [43,44].

Hc = 2.69U0.67G0.53W−0.067(1 − 0.61e−0.73k) (1)

Hmin = 3.63U0.68G0.49W−0.073(1 − e−0.68k) (2)

Hc = h/R
′

(3)

The tribosystem and test conditions are represented by the parameters listed in Table 3.
The Hamrock and Dowson equations predict central film thicknesses within the range
of 28.6–29.6 nm and minimum film thicknesses of 16.7–17.2 nm for sunflower oil, and
central film thicknesses within the range of 25.3–26.2 nm and minimum film thicknesses of
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14.7–15.2 nm for soybean oil. The roughness of the chrome steel balls was measured using
a white light interferometer and it was found to be 126 nm. Therefore, the ratio of the film
thickness to the surface roughness, λ, is found to be less than unity, clearly indicating that
the system operated in boundary lubrication conditions.

Table 3. Tribosystem constants and parameters used to calculate lubricant film thickness.

Parameter Equation Sunflower Oil Soybean Oil

Reduced radius, R′ [m] 1/Rx = (2/R1 + 2/R2) 0.00159 0.00159
Reduced Youngs’ modulus, E′ [Pa] E′ = E/(1 − ν2) 2.31 × 1011 2.31 × 1011

Contact load (per ball), F [N] F = (1.224745P)/3 60.012505 60.012505
Viscosity, η [mPa·s] measured exp 27.22–28.59 22.62–23.84

Elliptical parameter, k k = 1.03(Ry/Rx)0.64 1.03 1.03
Asymptotic isoviscous pressure, Pivas [Pa] Pivas = 1/α 1.09 × 108 1.14 × 108

Pressure viscosity coefficient, α [GPa−1] α 9.2 8.8
Dimensionless speed parameter, U U = η0V/E′R′ 3.06 × 10−11 2.54 × 10−11

Dimensionless material parameter, G G = E′/Pivas 2123.08 2123.08
Dimensionless load parameter, W W = F/E′R2

x 1.03 × 10−4 1.03 × 10−4

As nanostructures are most efficient in boundary and mixed lubrication [45], two basic
mechanisms of nanoscale reinforcement efficiency are considered. The first mechanism
is the “mending effect”, which includes the filling of the micro-asperities of the friction
surface with the nanostructures from the lubricating fluid. This can cause the increase of
contact area of friction surfaces, the decrease of the contact pressure and the replacement
of the sliding friction with the rolling effect [46,47]. The second mechanism is related
to the formation of a physical and/or chemical tribofilm. The presence of a tribofilm
usually translates to an enhancement of the tribo-system’s performance due to its low shear
resistance in boundary lubrication conditions [48]. Such tribofilm operates as a soft coating
of the substrates reducing the friction force and protecting the surfaces from wearing by
preventing their direct contact [49]. Research indicates that the formation of a tribofilm
occurs in two distinct stages, which are categorized based on the intensity of tribochemistry
reactions [50,51]. Initially, nanoadditives can adhere to the surface through van-der-Waals
force and/or electrostatic attraction, forming a protective film without chemical reactions.
As friction continues, the film decomposes due to high pressure and frictional heat, leading
to tribochemical reactions and the formation of a new tribofilm that gradually replaces the
physical film, and leads to significant improvements in the tribological performance of the
system [52–54].

SEM-EDX analysis is conducted to investigate the lubrication mechanism of the top-
performing samples. After the tribological tests, the balls are cleaned using acetone and
heptane. Electron microscopy images of the worn and unworn surfaces of the balls are
then collected, and EDS analysis are performed to provide a combined morphological and
chemical overview of the samples. The aim of these analyses is to determine the formation
or not of a tribofilm during the tribological tests.

As observed in Figures 4 and 5, small traces of elements not detected on the wear
scars of the samples lubricated by just base oils, are found on the worn area of the samples
lubricated by the mixtures. However, the intensity of the peaks (weight %) of these
additional elements in the EDS analysis are not pronounced enough to imply the formation
of a chemical tribofilm after the tribo tests. Therefore, it is believed that there existed a
formation of a solely physical tribofilm, which was likely removed during the cleaning
process since physical films are typically susceptible to removal through mechanical or
chemical cleaning methods without undergoing chemical reactions.
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Figure 4. SEM and EDS analysis of the wear scar of the best performing samples of sunflower oil.

Figure 5. SEM and EDS analysis of the wear scar of the best performing samples of soybean oil.
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It is also observed that the wear scars of the samples lubricated by pure base oils
are evidently rough with many thick and deep furrows, while the wear scars lubricated
by base oil with nanostructures are comparably rather smoother and the furrows are
shallower. Moreover, the samples lubricated with pure base oils show signs of pitting on
the worn tracks, which occurs when surface-defect fatigue leads to the creation of small,
shallow craters.

The long parallel grooves are a clear indication of abrasive wear. This type of wear
could be a product of two-body or three-body abrasion. For conventional oils, the third
body could be the debris generation from the direct contact of the surfaces and the polishing
of asperities removed by the sliding movement of the top ball against the lower three balls.
When adding nanostructures, depending on their hardness, they can act as abrading third
bodies. It can be noted from Figure 4 that not significant signs of abrasion (deep furrows)
could be identified in the wear scars when using h-BN as an additive . This means that
h-BN nanosheets were deposited on the surface and acted as soft third body particles,
which decreased the shear stress. These deposited nanostructures were more stable than
the debris of the sliding materials.

When analyzing the microscopy wear-scar images captured before cleaning the sam-
ples (Figure 6), it is observed that debris was not welded to or formed a transfer film on the
sliding surfaces after the evaluations. However, a black sediment is observed on most of the
samples after the tribological tests. This black sediment formation could be a consequence
of the oxidation or carbonization of the oil. Vegetable oils are susceptible to oxidation when
exposed to high temperatures or oxygen in the air. This process can lead to the formation of
dark-colored sediments due to the breakdown of oil molecules. Additionally, it is common
that under high-pressure and high-temperature conditions, some components of vegetable
oils can undergo carbonization, forming black sediments resembling carbon or soot.

Figure 6. Microscopy images of the wear scar captured before cleaning the samples.

4. Conclusions

By means of four-ball tribotesting, it was found that the COF of vegetable oils can be
enhanced with the incorporation of solid nanostructures. Results show that the addition of
0.25 wt% of h-BN nanosheets led to reductions in COF of up to 28% in the case of soybean
oil and 21% in the case of sunflower oil. Ag and MgO nanoparticles did not show significant
reduction for the sunflower nanolubricants. On the other hand, both of these Ag and MgO
nanostructures performed slightly better at lower filler fraction, showing improvements of
28% and 15% for soybean oil at 0.10 wt% and 0.01 wt%, respectively. From these evaluations,
reductions in wear rate of up to 10% for both vegetable oils were observed.
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The thermal conductivity of both vegetable oils could be improved by 24%, 22% and
28% when using h-BN, MgO and Ag at 0.25 wt% filler fraction. Thus, the lubricant is
multi-functional with enhanced tribological and thermal performances.

These results show that vegetable oils with the addition of h-BN, Ag and MgO nanos-
tructures are promising as a safe, environmentally friendly and sustainable lubricant that
may enhance the tribological performance and extend the lifetime of mechanical systems.
However, more work is necessary to develop additives that prevent the oxidation and
carbonization of vegetable oils when working at high pressures and temperatures.
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