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Abstract:

Tribological behaviour of bio-lubricants is constantly evolving to be improved. Vegetable and
synthetic oils owing the increasing interest of the environmental impact constitute a suitable
alternative for lubrication. The addition of particles as additive show a great potential to
improve the tribological properties of bio-lubricants. This paper overviewed the effect of
graphite and hexagonal boron nitride (hBN) particles as additives on the tribological
properties of different lubricating base oils such as mineral oil (dodecane), vegetable oil
(moringa oil) and vegetable/dodecane blends. The addition of particles (0.5 and 1 w%) has
indicated an improvement of the mineral base oil. At the addition of small amounts of
moringa oil (MO), a reduction of about 55% of friction and wear performances of dodecane.
We showed that the more promising results were obtained for the blend containing 3 w% of
MO with hBN particles. These new formulations lubricant represent an excellent alternation
for lubrication environmentally friendly.

Keywords: vegetable oil; additives; graphite; hexagonal boron nitride; mixed lubrication

1. Introduction

Lubrication consists in controlling friction and wear by the introduction of friction
reducing film between moving surfaces in contact. The role of lubricant is to reduce friction,
prevent wear, protect the equipment from corrosion, control temperature...during different
lubrication regimes. Mixed lubrication regime is characterized by a thin lubricating film, the
asperities of the surfaces remaining in contact. Friction reduction additives have to ensure
lubricating properties. Researches have proved that lubricants composed of petroleum and
synthetic-based oil with various additives affect negatively the environment and human
health. The main objective is to reduce both dependence on petroleum and anthropogenic
impact on the environment by using vegetable oil-based lubricants. Indeed, due to their high
biodegradability, low toxicity, renewability and excellent lubricating performances, vegetable
oils show a potential to deem a suitable substitute or improve petroleum oils performances for
lubricants [1-5]. « Biolubricants » are still not widely used due to several challenges and
difficulties regarding their performances and production such as feed-stock reliability and
consistency as well as industry acceptance [6-9].
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Composition of fatty acid in triglyceride structures have an important influence on
tribological properties of vegetable oils [10-14]. Such molecules present a strong adsorption
capability which contributes to good lubricating effects. Carboxyl groups are chemically
bonded to metal surfaces while alkyls tail sticking away from the metal surface forming a
monolayer film [15]. Natural fatty acids present in vegetable oils are saturated,
polyunsaturated and monounsaturated molecules. Lundgren et al showed that friction
increases with increasing unsaturation due to multi-layered structure of U-shaped molecules
adsorbed film [16]. Reeves et al studies that natural oils with high oleic acid concentrations
improve friction and wear performance by establishing densely packed monolayers on
surfaces [17]. Moringa oil mainly composed of unsaturated fatty acid molecules presents a
potential source for bio-fuel [18-20]. Sharma et al have showed the good potential of moringa
oil to be used as lubricant base oil due to excellent thermal and oxidative stability [21].
Various types of nanoparticles from solid lubricant were used as additives to increase the
efficiency, physical, chemical properties of lubrication oils [22-26]. Graphite and hexagonal
boron nitride present lamellar structure, well known for good anti-wear and anti-friction
ability resultant in low tribological performances [27-29]. Kerni et al revealed that the
addition of 0.5 w% concentration of CuO and hBN nanoparticles in olive oil improves the
friction properties [26].

The objective of this paper is to study the effect of graphite and hexagonal boron nitride
(hBN) particle as friction reduction additives on the tribological properties of different
lubricating base oils such as mineral oil (dodecane), vegetable oil (moringa) and
vegetable/dodecane blends. Tribological properties of blends with 0.5 and 1 w% of particles
in oils were determined at ambient atmosphere using ball-on-plane tribometer in mixed
lubrication tribological regime. Physicochemical characterisations of the different base-oil
lubricant formulations were performed using infrared spectroscopy, viscosimeter. Raman and
SEM investigations were carried out on resulting tribological films.

2. Materials and Methods

Dodecane ReagentPlus 99% used in this study as mineral base oil was provided by Sigma-
Aldrich. Vegetable oil is local moringa oil (MO) extracted by Phytobokaz Laboratory
(Guadeloupe, France). It is used either as vegetable base-oil or as additive in dodecane base-
oil. The fatty acids composition of moringa oil is presented in Table 1 (industrial analysis
from Phytobokaz). MO is mainly composed of monounsaturated fatty acid. Exfoliated
graphite particles were used as a solid friction reduction additive (Timcal Society). Graphite
particles thickness is about 100 nm with an average size of 40 um. The ratio between size and
thickness is about 400. Hexagonal boron nitride particles are commercialized by Sigma
Aldrich society. The particles present rounded and flattened shapes. The average thickness is
0.2 uym and length and width are about 2 um and 1.5 um respectively.

In a first part, blends containing 0.5 and 1 w% of particles in base oils were prepared. The
mixture preparation consists in simply weighing with a precision of 0.01 mg. Two types of
lubricants were prepared using dodecane base-oil and moringa base-oil. The dispersion of the
different blends was obtained in ultrasonically bath during 5 min. In a second part, blends
containing 0.5, 1, 1.5, 2 and 3 w% of moringa oil in dodecane were prepared. Three lubricant
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compositions were obtained with 1 w% of graphite and 0.5 w% of hBN in base oil composed
of 1,2 and 3 w% of MO in dodecane by the same weighing technique.

Fatty Acid Methyl Ester % Mole Fraction
Palmitic C16:0 6.09
Palmitoleic C16:0 1.94
Stearic C18:0 3.77
Oleic C18:1 75.33
Linoleic C18:2 0.90
Linolenic C18:3 0.29
Arachidic C20:0 2.47
Behenic C22:0 5.67
Lignoceric C24:0 1.01

Table 1: Composition of moringa oil

The friction properties of materials were measured at room temperature (25 °C) with a
reciprocating ball-on-plane tribometer consisting of a AISI 52100 steel ball rubbing against a
static AISI 52100 steel plane (Figure 1). The ball with a diameter of 1 cm was brought in
contact of the plane with a normal load of 10 N. The alternative motion of the ball was
performed with a sliding speed of 4 mm/s. The frequency is 1 Hz. The tangential force Fr was
estimated with a computer-based data acquisition system. The friction coefficient value was

calculated as pu = FT/ Fy: 2000 friction cycles were performed, a cycle corresponding to an

alternative motion of the ball. According to Hertz theory, such tribological conditions lead to
maximum contact pressure of 1 GPa and a contact diameter of 140 um.

The steel planes were unpolished with abrasive discs up to reach a roughness close to
The generation of multidirectional stripes favours the adherence of particles on the sliding
surfaces (Figure 1c). For all experiments, the initial roughness of the steel ball was about

Before friction experiments, both steel materials were successively cleaned in ultrasonic
acetone and ethanol baths. First the tribological properties of pure particles were evaluated.
The corresponds friction coefficient are noted ppqrticies- The influence of dodecane was
evaluated by the addition of a drop during friction experiment of pure particles;
Uparticles+dodecane- I the case of the mixtures, a drop of the solution was deposed on the
plane before the friction experiment

The blends composed with particles as additives are noted

HUw9% particles+dodecane AN o, particles+mo- The blends with MO and dodecane are noted

UwooMo+dodecane ~ and  for  mixtures  containing  particles, the notation 1is

Hwop particles+w% MO+dodecane-

The viscosity parameter of the blends without particles was measured by a modular compact
rheometer (Anton Paar) at ambient temperature with a cone/plane contact. The cone presents
a diameter of 50 mm and angle of 2°. The plane diameter is 50 mm. The share rate is 0.01 to
1000 s~!. Fourier transform infrared spectroscopy (FTIR) analyses were performed to identify



the functional groups in the blends using a PerkiElmer Spectrum Two spectrometer with a
range of 4000 to 50 cm™! wave numbers and a resolution of 4 cm™'. Scanning electron
microscopy (SEM) investigations using secondary electron imaging are performed to
characterize the particles and their corresponding tribofilms with a FEI Quanta 250
microscope. Both samples were analysed by Raman spectroscopy performed with a HR 800
Horiba multi-channel spectrometer using a Peltier-cooled CCD detector for signal recording.
The exciting line was 532 nm wavelength line (ND YAG laser). The steel planes were rinsed
before Raman analysis in order to eliminate the residual particles.

AISI 52100 Normal load
steel ball support z,
Fy
AISI 52100

steel plane support

FT
Lateral force

mesuared

X.y.z sample

holder

Normal load: 10 N

Contact area diameter: 140 mm (Hertz Theory)
Maximum contact Pressure: 1 GPa

Sliding speed: 2-3 mm/s

Friction coefficient u = Fy / Fy

Figure 1: Picture of reciprocating ball on plan tribometer (a) with a schematization of friction
experiment (b) and SEM image of the multidirectional stripes generated on the steel plane in
order to a the presence of solid particles in the sliding contact (c).

3. Results

3.1. Friction properties of solid particles

Figure 2a presents the evolution of the friction coefficient as a function of cycles number of
both graphite and hexagonal boron nitride pure particles in dry conditions. The graphite
friction curve starts with an induction period characterized by a high friction value and then
decreases continuously during 30 cycles down to reach an asymptotic value Ugrapnite =

0.09 £ 0.01. This induction period is associated to the built-up of the tribofilm. For hBN, this
period corresponds to 20 cycles with a higher starting friction coefficient value. The stable
friction value is higher than graphite one; pgy = 0.42 + 0.01. In the case of hBN, after 50
cycles, the coefficient increases up to the steel coefficient value indicating a progressive
degradation of the hBN tribofilm during the friction experiment. In dry conditions, graphite
and hBN particles present different tribological performances. In previous studies, we showed
the beneficial influence of the presence of liquid on the tribological properties of graphite and
hBN particles [29]. Figure 2b reports the friction curves obtained at the addition of dodecane
during the friction experiments of graphite and hBN. The friction experiments start in dry
conditions with respective friction coefficient values. In both cases, an immediate and drastic
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reduction of the friction coefficients is observed when dodecane is added. For both cases, it is
important to note that the friction values are similar and remain stable until the end of the
experiments.

|E| 0.7 & |E| 0.7
e @ [ S v A Graphite + dodecane|
064 0.6 v hBN + dodecane
e v
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Figure 2: Friction coefficient as a function of cycles number of pure graphite and hBN in dry
conditions (a). and when dodecane is added (b).

Raman spectroscopy investigations were used to evaluate the degradation of the particles
structure in the presence of dodecane after friction experiments (Figure 3). The typical Raman
spectra recorded on the initial graphite particles presents three bands. The G band at 1575 cm’
!'is associated to relative elongation vibration of carbon atoms in the graphene planes. The D
band at 1350 cm™ and D’ band at 1620 cm™ are attributed to disorder. Similar Raman bands
are observed on the tribofilm built from the mixture graphite/dodecane (Figure 3a). Tunistra
and Koeing have shown a relation between the coherence length of graphite crystallites L. and

the intensity of Raman bands associated to D and G modes; L,(4) = C(A) IG/ Ip with

C(A = 514 nm) = 44 [30]. Figure 3b displays the coherence length calculated as a function
of cycles number constituting the tribofilms built with graphite/dodecane blend. The initial
crystallite size (before friction) is about 70 + 5 A and decreases down to 30 + 34 after 200
cycles. In the case of hBN (Figure 3c), Raman spectra is characterized by a band at 1368 cm’!
with a width of 19 cm™ associated to the intra-plane vibrations [31]. Nemanich et al have
shown that the band characterizing the intra-plane vibration mode is shifted towards high

frequencies and widens with decrease of the size of crystallites; L, = 1417 /F1/ _g.70 With
2

I /zthe half-width value of the intra plane vibration band [32]. As for graphite, Raman spectra

obtained on initial powder and on the tribofilm built with hBN/dodecane mixture are similar.
The initial value is about 130 + 174 and after 200 cycles L, = 127 + 5A (Figure 3b). These
results show that the presence of dodecane limits the crystallite size reduction of the solid
particles.
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Figure 3: Raman spectra recording on tribofilms built in the presence of liquid for graphite
particles (a) and hBN (c). Corresponding length coherence calculated as a function of cycles
number for both crystallites (b).

In order to evaluate the effiency of graphite and hBN particles as friction reduction additives
to mineral oil (dodecane) and vegetable oil (moringa oil), blends containing 0.5 and 1 w% of
particles were prepared. It is important to note that the friction and wear values obtained for
pure dodecane are high; U,ure dodecane = 0.18 £ 0.02 and a contact diameter

Dpure dodecane = 280 £ 10 pm characterizing severe tribological conditions.

Figure 4 displays the friction coefficients values obtained with the
different mixtures containing particles as additives in dodecane (a) and in MO base-oil (b) at
2000 cycles. According to the percentage of particles as additives in both base oils, the
friction coefficient values are modified. The presence of particles in mineral base-oil leads to
an improvement about 50% of the tribological properties of dodecane. The best results are
obtained with 1 w% of graphite and 0.5 w% of hBN in dodecane. The friction coefficient
values are similar  [yyo, graphite+dodecane = Ho.5w% hBN+dodecane = 0.06 % 0.005. In
comparison, no reduction is observed for blends containing particles as additive in moringa
oil base. Despite the significant increase of the coefficient, an influence of the amount and the
type of particles can be noted. The friction coefficient values are higher than the friction
coefficient of pure MO but the lowest values are obtained for blends with 1 w% of graphite
and 0.5 w% of hBN in MO. These results confirm an influence of the viscosity parameter on
friction performances of particles. Indeed, we are measured for dodecane, Vpy e dodecane =
1.383mPa.s and MO, Vpyre moringa oit = 87 mPa.s. Moreover, an important effect of
percentage of solid additives is evidenced. For both mineral and vegetable base-oils, the best
results are obtained for the blends composed with 1 w% of graphite and 0.5 w% of hBN.
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Figure 4: Friction coefficient of blends with dodecane as base-oil (a) and moringa base-oil
(b). The values are obtained after 2000 cycles.

3.2. Moringa oil and particles as additives in lubricants

Blends composed with small amounts of moringa oil in dodecane were investigated. The
friction coefficient values obtained at 1000 cycles and wear scar diameters measured on the
ball for pure MO and as a function of the percentage of MO added in dodecane are presented
in Figure 5. The friction coefficient values obtained for MO/dodecane are higher than the one
obtained for pure MO, but lower than pure dodecane. A progressive decreasing of the values
according to the percentage of MO added in dodecane is noticed. A stabilisation of the
friction coefficient from 1 w% of MO until 3 w% added is observed; u = 0.1 £+ 0.005. The
wear scar diameter decreases from 180 to 145 £ 5 um from the blend with 0.5 w% of MO to
1.5 w% and then stabilizes until 3 w% of MO. The addition of MO improves the friction
reduction properties of dodecane and enhances the anti-wear performances of the lubricant.
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Figure 5: Friction coefficient values and diameter of wear tracks on the ball after friction
experiments as a function of percentage of MO added in dodecane base oil.

According to previous results, different mixtures were prepared containing 1 w% of graphite
and 0.5 w% of hBN with 1, 2 and 3 w% of MO in the mineral base-oil. Figure 6a displays the
friction coefficient values obtained after 2000 cycles from the different blends containing
graphite particles. An influence of the percentage of vegetable oil added is evidenced. Higher
and similar friction coefficient values are obtained for the graphite/MO and graphite/3w%
MO/dodecane blends. For mixture containing graphite with 1 w% of MO, the friction
coefficient is weaker but greater than graphite/dodecane blend. The best result is obtained
with 2 w% of MO added in graphite/dodecane blend. In the case of mixtures with hBN,
higher friction coefficient is obtained with pure MO. We observe a progressive reduction of
the friction values according to the percentage of MO added. With 1 w% of MO, the value is
higher than hBN/dodecane blend but from 2 w% of MO, friction values are weaker. The best
result with hBN mixtures has been obtained with 3 w% of MO/dodecane blend.
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Figure 6: Friction coefficient values obtained after 2000 cycles with blends containing
graphite (a) and hexagonal boron nitride (b) particles

In order to evaluate the physicochemical difference between the %w MO/dodecane blends,
viscosity parameter and FTIR have been investigated. Pure dodecane has a weak viscosity
compare to pure moringa; Vpyre dodecane = 1.383 mPas and vy e mo = 87 mPas. In the
case of the blends, no significant differences have been noted Viwymo/dodecane =

Vow%M0/dodecane = V3w%Mo/dodecane = 2.37mPas. Figure 7 presents a comparison between
the FTIR spectra obtained for pure dodecane, pure MO and the MO/dodecane blends. FTIR
measurement uncertainty is approximately # 3 cm’. FTIR technique allows to identify
important functional groups which are capable to absorb metal ions. Table 2 recapitulates
FTIR peaks composed MO and dodecane. No difference has been observed between dodecane
and the blends. The low amount of MO characterized by carboxylic peaks of fatty acid



molecules have not been detected. FTIR spectra for 3w% MO/dodecane blend is not
represented due to its similarity.
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Figure 7: Comparison between different FTIR spectra obtained

Wavenumber PR —
(cm)
3005 C-H stretching vibration of cis-double bond
2947 - 2854 Symmetric streching vibration shoulder of CH,
2925 Symmetric streching vibration of CH,
2859 Asymmetric streching vibration of CH,
1742 C=0 of ester carbonyl functional group of the triglyceride
1711 carboxyl group of free fatty acids
1399 Bond related to the proportion of oleic acid groups
1377 and 1463 C-H bonds modes of oil molecules
1240 and 1163 C-O groups in esters
970 Formation of dimer carboxilic acid
723 C-H

Table 2: FTIR peaks characterizing functional groups in dodecane and moringa oil

The tribological film built with graphite/2w% MO/dodecane blend was analysed by SEM and
Raman spectroscopy. Figure 8a presents a SEM micrograph of the tribofilm obtained after
2000 cycles. Near to the wear track, some initial graphite particles are visible. The initial
stripes of steel plane are visible in the wear track confirming a weak thickness of the
tribofilm. Moreover, the tribofilm is not homogenous along the wear track indicating a weak
adhesion of the particles on the steel plane. These observations show excellent antiwear
properties of this lubricant formulation. Raman spectra recorded on graphite particles near the
wear trace and on the tribofilm are presented in Figure 8b and 8c. The three Raman bands
corresponding to graphite (as previously described) are detected. No significant difference
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between both spectra are noticed characterizing no significant evolution of the crystalline
structure after the friction experiments. Same observations have been realized with tribofilm
built with hBN/w% MO/dodecane blends. The presence of fatty acid and dodecane seems to
limit the mechanical constraints during the sliding experiments.
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D;

[=]

Intensity (u.a.)

1200 1300 1400 15‘00 1600 1/'00 1800
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EI 7 On the tribofiim

\
\
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12

Figure 8: SEM micrograph of graphite/2w% MO/dodecane blend (a) — Raman spectrum
recorded on graphite particles near to the tribofilm (b) and Raman spectrum, obtained on the
tribofilm (c)

4. Discussion

Graphite and hexagonal boron nitride present good lubrication properties due to their
lamellar structure characterized by covalent bands within basal layers and weak van der
Waals interaction between the sheets, resulting in interplanar mechanical weakness [33,34].
Indeed, lamellar lubricants, due to the weak Van der Waals forces during the sliding process
can adhere to the surface forming a protective layer that minimize contact between opposite
surfaces asperities and prevent from wear. Moreover, the basal planes are parallel to the
sliding direction minimizing friction. However, hBN particles are considered less efficient
except for high-temperature applications. At ambient atmosphere, we have showed an
important difference between the friction performances of both particles; pgrqpnice = 0.09 £
0.01 whereas puppy = 0.42 £ 0.01 (Figurel). After the formation of the tribological film, a
deterioration is noted during the sliding of hBN whereas the performances are stable for
graphite particles. Severe friction and wear are confirmed for hBN at ambient atmosphere. In
previous study, we have shown the effect of the presence of liquid on tribological

performances of graphite and hBN particle at ambient atmosphere [29]. An important and
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drastic reduction of the friction coefficient is observed at the addition of liquid;
UGraphite+liquid ~ MnBN+liquia = 0-06 £ 0.01 except in the presence of high-viscosity liquid.
These values are stable until the end of friction experiments (Figure 3). We have
demonstrated that this reduction is not due to intercalation or hydrogen lubrication process,
and that adsorption mechanism on particles and on metallic surfaces cannot explain this
improvement. The selected friction mechanism points out that the simultaneous presence of
particles and low-viscosity liquid in the sliding contact under pressure improves friction
performances and allows significant reduction of the mechanical constraints undergone by the

solid particles in the presence of liquid.

In order to evaluate the performances of graphite and hBN particles as additives in
mineral base (dodecane) and in vegetable base (moringa oil), the tribological properties of
two different blends with 0.5 and 1w% have been analysed. In good agreement with previous
results, the best friction coefficient values are obtained for blends using dodecane as base oil
due to viscosity parameter measured for both base-o0ils; Vpyre dodecane = 1.383 mPa.s and
Vpure moringa oit =~ 87 mPa.s. Whatever was the percentage of particles, an important
reduction was observed compared to friction and wear performances of pure dodecane
whereas no improvement can be noted in moringa base-oil. Moreover, an effect of the
percentage of solid additives is obtained for both base-oils. The lowest friction coefficient
values are attained with blends containing 1 w% of graphite and 0.5 w% of hBN. It is
important to note that similar friction coefficients are obtained in the presence of dodecane
base oil characterizing an effect of the percentage and the shape of particles on tribological
performances. Numerous studies on friction-reducing and antiwear properties of vegetable
based oil using graphite or hBN particles as additives have been performed [27,35-38].
Reeves et al have evaluated the effect of boron nitride particle size on the tribological
performance of canola oil-based lubricant mixtures at 5% by weight [39]. They show that the
nano-sized particles were able to better coalesce in the asperity valleys of surfaces due to their
small size and spherical shape resulting enhanced tribological properties. Su et al investigated
the tribological properties and lubrication mechanism of graphite as vegetable based oil
additive [28]. Same conclusion has been observed a same nanoparticles mass fraction, the
smaller the particles, the lower the friction coefficient and wear volume due to the formation
of physical deposition film on the friction surfaces. Our results are in accordance with
literature, hBN particles are smaller than graphite ones and consequently the tribofilm covers

the roughness of metallic surfaces. We can deduce an effect on the thickness of the tribofilm
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on the tribological properties of the mixtures. This is the reason why the next lubricant

formulations were carried out with 1 w% of graphite and 0.5 w% of hBN.

The third part of this review is about the tribological performances of moringa oil (MO)
and solid particles as additives on dodecane lubricant base-oil. Friction and wear
performances of blends containing different percentage of MO in dodecane base oil have been
analysed. At the addition of small amount of MO an improvement about 50 % of dodecane
properties was observed. A progressive reduction then a stabilization according to the
percentage of added MO is noted. These results are in good agreement with literature. Singh
et al showed that the addition of 5 and 8 % moringa-oil-based biodiesel with the base
lubricant SAE 20W40 acted as a very good lubricant additive [20]. Bahari et al showed that
when palm oil and soybean oil are blended with mineral engine oil, the performance of the
blend is influenced by its vegetable oil component and that tribological characteristics of
vegetable oils are dominant [40]. We found that ppyremo = 0.081+0.01 and
Uows Mo+dodecane = 0.1 £ 0.01 whereas pUpyre dodecane = 0.18 £ 0.01 allowing us to
confirm an excellent influence of MO physicochemical properties as bio-additive for
lubrication. Different mixtures containing 1w% of graphite and 0.5 w% of hBN in 1, 2 and 3
w% of MO/dodecane were investigated. An evolution of the friction coefficient values
according to the percentage of MO added shows an effect of fatty acid molecules on the
tribological performances of the mixtures. In the case of graphite, a critical value of the
quantity of MO was observed, the friction coefficient increases with 3 w% of MO added.
While, the coefficient decreases with 3 w% MO with hBN blend confirming an important
action of the thickness of fatty acid adsorbed on the particles surface. Indeed, no difference

about the viscosity parameter can be noted; Uiy Mmo/dodecane = Vawo MO /dodecance =
V3w M0 /dodecane =~ 2.37 mPa.s. In previous study, we had shown an influence of the
thickness of fatty acid cekanoic acid, CK8) molecules adsorbed at the hBN’ surfaces on their
tribological properties [29]. The coefficient value is high for a low thickness fatty acid
molecule adsorbed. The best lubricant formulations are 1w% graphite + 2 w% of MO +
dodecane, Uiwo, graphite+2w%Mo+dodecane = 0.05 £ 0.005 and 0.5 w% of hBN + 3 w% of
MO + dodecane, Ug 5w hBN+3w%MO+dodecane = 0.045 + 0.005. These results evidenced an

action of surface properties ‘influencing the tribological properties of lubricants.

5. Conclusion
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Lubricating properties of moringa oil as base-oil and as friction reducer additive have been
determined at ambient atmosphere in mixed lubricating regime. Graphite and hexagonal
boron nitride are the solid particles using as friction reducer additives used for lubricants. The
major quantitative results are as follows.

(1) Under ambient atmosphere, the friction performances of graphite are better than those
of hexagonal boron nitride. Friction curve shows a rapid deterioration of the hBN
tribofilm whereas in the case of graphite a stabilisation is noted until the end of
friction experiment.

(2) At the addition of dodecane, an immediate and drastic reduction of the friction
coefficient values for graphite and hBN is showed. The friction values are similar and
stable. During the friction experiment, the presence of dodecane limits the degradation
of crystallites structure of particles.

(3) Graphite and hBN particles are excellent performances as friction reducer additive in
mineral base-oil compare to vegetable base-oil due to the viscosity difference between
both base-oils. In agreement with previous studies, these results confirm the excellent
influence of the presence of liquid on tribological properties of solid particles.

(4) Similar friction coefficient values have been obtained with blends containing 1 w% of
graphite and 0.5 w% of hBN in dodecane evidencing an action of particles size on
tribological properties of lubricant formulations.

(5) Moringa oil have excellent friction reducer and also antiwear properties as additive in
mineral base-oil. The presence of weak amount of MO in dodecane allows an
important improvement of dodecane tribological performances. Moringa as additive
for mineral base oil could be interesting for “bio-lubricant” field.

(6) An adsorption effect of fatty acid molecules on tribological properties of the different
lubricant formulations have been demonstrated. The surface properties of solid
particles are an important parameter for tribological performances of lubricants; the
best results have been obtained to lubricant 1 w% of graphite + 2 w% of MO +
dodecane and 0.5 w% of hBN + 3 w% of MO + dodecane mixtures.

(7) The lubricants formulated present excellent friction performances and also antiwear
performances. Tribofilms formed have excellent protective properties for metallic

surfaces in sliding.
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