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Abstract: Hexagonal boron nitride, as a layered material with a graphite-like structure, exhibits good
mechanical, lubricating and oxidation resistance properties, and is thus expected to become one of the
top choices for green lubricating oil additives. However, its poor dispersibility in oil and difficulties in
preparing spherical particles when constructing hexagonal boron nitride limit its application. In this
paper, spherical hexagonal boron nitride nanoparticles are constructed via a simple laser irradiation
method. Under laser irradiation, raw irregular hexagonal boron nitride particles were reshaped
into nanospheres via a laser-induced photothermal process and rapid cooling in a liquid-phase
environment. Under the optimal concentration, the coefficient of friction and wear spot diameter
decreased by 26.1% and 23.2%, and the surface roughness and wear volume decreased by 29.2%
and 23.8%, respectively. The enhanced tribological performance is mainly due to the ball bearing,
depositional absorption and repair effect of the spherical particles. This simple laser irradiation
method provides a new method by which to prepare spherical hexagonal boron nitride lubricating
oil additives.

Keywords: hexagonal boron nitride; laser irradiation; tribological performance; lubrication mechanism

1. Introduction

Friction is a common phenomenon in nature, and beneficial friction can generate
electric charges and provide triboelectricity, thus providing energy concentration [1]. How-
ever, most friction is harmful, and usually leads to a large amount of energy waste in
the machining process, shortens the life of the machine and even causes potential safety
risks [2,3]. Applying lubricating oil is the most effective strategy used to reduce wear and
improve the efficiency of the machine [4–8]. Lubricating oil is composed of a base oil and
additives. Therefore, it is an effective way of improving the quality of lubricating oil in
order to prepare new lubricating oil additives and continuously improve the anti-wear and
anti-friction properties of additives.

Two-dimensional layered materials, such as graphene, molybdenum disulfide and
calcium fluoride, exhibit excellent tribological properties because of their special physical
and chemical properties [3,9–14]. Among them, hexagonal boron nitride (h-BN) is a layered
material with a graphite-like structure. Due to good mechanical, lubricating and oxidation
resistance, it is expected to become one of the top choices for green lubricating oil additives
after reasonable development [15]. Over the past few decades, plenty of studies on h-
BN as a lubricating additive have been reported [2,16–22]. Yang et al. [2] found that as
a friction additive in mineral oil, the as-prepared lipophilic BN nanosheets can reduce
the coefficient of friction (COF) by 20.2%. More importantly, the track of the wear scar
becomes significantly shallower. Urbaniak et al. [19] studied the tribological properties of
BN as an additive to PAO4 base oil. They found that adding the h-BN layered nanomaterial
to the lubricating oil can be a good solution for obtaining a lubricating oil with a ~27%
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greater galling load than the base oil. Ma et al. [20] reported the successful exfoliation of
BN nanosheets by combining a hydrothermal treatment at 180 ◦C with sonication. The
exfoliated h-BN nanosheets possessed excellent friction reduction and anti-wear capabilities.
Zang et al. [21] prepared BN/Cu nanocomposites by the in situ reduction of a mixture
of CuSO4 and BN with dopamine. The data showed that the liquid paraffin containing
BN/Cu nanocomposites exhibited 27.3% lower COF and 25.3% lower wear scar diameters
than pure liquid paraffin. However, the poor dispersion of h-BN nanoparticles in mineral
oils limits its use [23]. At present, the chemical modification method is the main method
used to solve the dispersion problem of nanoparticles in mineral oil, which needs to use
certain chemical reagents [24]. Therefore, the preparation of lipophilic h-BN nanoparticles
remains an ongoing challenge.

According to the anti-wear and anti-friction mechanism, because of the rolling effect of
molecular bearings of spherical particles and the rapid formation of friction lubrication films
between the friction pairs, spherical particles have more excellent lubrication properties.
At present, the lubrication properties of spherical particles have been studied, such as iron
oxide [25], carbon spheres [26–28], titanium dioxide [29] and tungsten disulfide [30]. h-BN
has a strong (002) plane-oriented growth and is easily forms irregular flake nanoparticles.
The currently reported methods used to prepare h-BN spherical particles usually require
high temperatures above 1800 ◦C, urea, boric acid, ammonia and other chemicals, and the
control of sphericity is still challenging [31–35].

Herein, a simple method that utilizes one-step laser irradiation in liquid at ambient
conditions to prepare spherical h-BN is presented The synthesis process, without the use of
any chemicals, is green and pollution free. After laser irradiation, the h-BN particles change
from nanoflakes to spherical-shaped. At the same time, the surface charge of the h-BN
particles increases greatly under laser photothermal action, which improves the dispersion
of the h-BN particles in the base oil. The laser-induced h-BN (L-h-BN) spherical particles can
be stably dispersed in the lubricating oil without settling for 30 days, and show excellent
tribological properties. Under the optimal concentration, the coefficient of friction and
wear spot diameter decreased by 26.1% and 23.2%, and the surface roughness and wear
volume decreased by 29.2% and 23.8%, respectively. This study shows a new method by
which to prepare spherical h-BN and its application in lubrication engineering.

2. Experimental Section
2.1. Preparation of the Hexagonal Boron Nitride (h-BN) Spherical Nanoparticles

The h-BN spherical nanoparticles were prepared via laser irradiation in the liquid
phase. The raw material of hexagonal boron nitride was purchased. Raw h-BN nanoflakes
(99.9% purity, Macklin, Shanghai, China) are an irregular flake shape. The average particle
size of h-BN nanoflakes is approximately 100 nm. Then, 30 mL of deionized water was
poured into a glass beaker, and 50 mg of h-BN was added to obtain an evenly dispersed
h-BN liquid. A coherent KrF excimer laser (CompexPro 205, 248 nm, 25 ns, 10 Hz) was
used as the laser irradiation source. The spot area of the laser beam was 0.7 cm2, and the
energy fluence values were 460, 500, 540 and 580 mJ pulse−1 cm−2. The laser irradiation
lasted for 30 min. In the process of laser irradiation, in order to ensure the uniformity of
the irradiation effect, magnetic stirring was used to treat the h-BN solution. Pictures of the
liquid phase laser irradiation equipment are shown in Figure S1 (Supplementary Materials).
After laser irradiation, the samples were dried for further characterization.

2.2. Material Characterizations

The Raman scattering spectrum was recorded by a Raman spectrometer (LabRAM HR
Evolution, HORIBA, Kyoto, Japan, 532 nm). An X-ray diffractometer (XRD, D8-Advance,
Bruker, Billerica, MA, USA) was used to test the crystal structures of different samples.
X-ray photoelectron spectroscopy (XPS, Thermo Fisher, Waltham, MA, USA, Al Kα X-ray
sources) was used to characterize the binding energies of N and B in different samples.
The morphology of different samples was observed via a transmission electron microscope
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(TEM, JEM-2100Plus). A three-dimensional optical microscope (Contour Elite K, Bruker,
Billerica, MA, USA) was used to obtain the topography of the diameter of the wear scars
on the surface of the steel balls.

2.3. Evaluation of the Tribological Property

The tribological properties of the h-BN particles were tested via a four-ball friction
and wear testing machine (MM-W1B, Jinan, China). Before the experiment, the lubricating
oil was poured into the oil tank, and the four steel balls were fully soaked in the lubricating
oil. In the friction process, the top steel ball rotates (load: F, speed: ω), and the bottom three
steel balls are fixed, as shown in Figure S2 (Supplementary Materials). After the friction
experiment, the top steel ball formed an annular wear spot, and the bottom three steel balls
formed a circular wear spot. The tribology tests were carried out at room temperature,
the speed was 1000 rpm, the load was 392 N, and the test time was 30 min. The steel ball
had a diameter of 12.7 mm, a hardness of 62 HRC, and was made of GCr15 bearing steel.
During the friction tests, the COF was recorded in real time by software. The friction tests
were repeated three times for each concentration, and the average value of the three tests
was taken as the final data.

The h-BN nanoparticles prepared under different energy fluence values (460, 500,
540, 580 mJ pulse−1 cm−2) were added into the PAO6 base oil at 0.05 wt% concentration,
and the lubrication properties of the base oil containing additive were tested under the
same friction condition. When the laser irradiation energy was 540 mJ pulse−1 cm−2, the
lubrication performance of the h-BN nanoparticles was the best, as shown in Figure S3
(Supporting Information). Therefore, we took the L-h-BN spherical nanoparticles prepared
using 540 mJ pulse−1 cm−2 as an example in order to conduct detailed material character-
ization and tribological testing. In order to obtain the optimal additive concentration, the
tribological properties of the h-BN nanoflakes and L-h-BN spherical nanoparticles with differ-
ent mass concentrations (0.05 wt%, 0.1 wt%, 0.15 wt% and 0.2 wt%) were tested, respectively.

After the friction tests, the surface of the friction pairs was cleaned with petroleum
ether, and then cleaned with alcohol for three times. The three-dimensional contour of
the wear surface was observed with a three-dimensional optical microscope. The Raman
scattering spectra of the materials on the wear surface were then recorded. The surface
morphology of the friction pair was observed via a scanning electron microscope (SEM,
FEI Quanta 250 FEG).

3. Results and Discussion
3.1. Preparation and Characterization of the L-h-BN Spheres

After laser irradiation, the high energy input rapidly produced a dissociation compres-
sion effect in the solution [36]. In addition, an extreme non-equilibrium state of ultrahigh
temperature and ultrahigh pressure was induced on the interface between the laser beam
and materials [37,38], which lead to the successful preparation of the spherical L-h-BN
nanoparticles. The growth process is shown in Figure 1. The transformation of the particle
morphology from flakes to spheres was accomplished in one step. When a laser beam first
hit the raw h-BN slice, the laser spot exerted an immediate effect on the material interface.
Under such impact, large slices of h-BN exploded into smaller pieces. Continuous pulsed
laser irradiation caused heating and led to the surface melting of h-BN particles (process I
in Figure 1). The raw h-BN particles were reshaped into nanospheres via a laser-induced
photothermal process and rapid cooling in a liquid-phase environment [39] (Process II in
Figure 1).
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Figure 1. Schematic of the growth process of the spherical L-h-BN nanoparticles via a one-step laser
irradiation method in ordinary water.

The morphology of the raw h-BN nanoflakes and L-h-BN spherical nanoparticles were
characterized by TEM, as shown in Figure 2. The raw h-BN nanoflakes showed a flake
structure and serious agglomeration phenomenon, as shown in Figure 2a. However, after
simple laser irradiation, the h-BN changed from a flake structure to a spherical structure, and
the particles became more loose. Then, the agglomeration phenomenon was suppressed.
This is because under the action of laser irradiation, the absolute value of the Zeta potential
on the surface of particles increases, and the repulsive force between particles increases,
thus improving the dispersion of particles. Thus, compared with that of raw h-BN particles,
the absolute value of the Zeta potential of the laser-induced h-BN nanospheres increased by
50%, as shown in Figure S4 (Supplementary Materials). High-power transmission electron
microscopy (HTEM) images showed obvious lattice fringes with a lattice spacing of 0.33 nm.
The L-h-BN spherical nanoparticles prepared in this study had a good size uniformity,
ranging from 40 nm to 110 nm. The average particle size was around 80 nm (Figure S5 of
Supplementary Materials). Using laser irradiation technology, when the laser irradiation
energy was 540 mJ pulse−1 cm−2, a spherical conversion rate of more than 95 was achieved.
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The phase of the raw h-BN nanoflakes and L-h-BN spherical nanoparticles was ana-
lyzed via XRD, as shown in Figure 3a. All XRD diffraction peaks could be assigned to the
hexagonal phase of BN (JCPDS number: 34-0421 with P63/mmc space group). The h-BN
crystal pattern did not change before and after laser irradiation. In addition, the diffraction
peaks of h-BN were (002), (100), (101), (004), (110) and (112). After laser irradiation, the
particle morphology changed from flake to spherical, resulting in a decrease in the intensity
of the main reflection peak [40]. Figure 3b is the Raman spectra of the h-BN grown using
different laser energy fluence values. The sharp Raman peak at 1366 cm−1 is mainly due to
the high-frequency characteristic peak of h-BN. After laser treatment, the spherification of
the h-BN particles resulted in a slight blue shift in the high-frequency Raman characteristic
peaks [41].

Lubricants 2023, 11, 199 5 of 13 
 

 

The phase of the raw h-BN nanoflakes and L-h-BN spherical nanoparticles was ana-

lyzed via XRD, as shown in Figure 3a. All XRD diffraction peaks could be assigned to the 

hexagonal phase of BN (JCPDS number: 34-0421 with P63/mmc space group). The h-BN 

crystal pattern did not change before and after laser irradiation. In addition, the diffraction 

peaks of h-BN were (002), (100), (101), (004), (110) and (112). After laser irradiation, the 

particle morphology changed from flake to spherical, resulting in a decrease in the inten-

sity of the main reflection peak [40]. Figure 3b is the Raman spectra of the h-BN grown 

using different laser energy fluence values. The sharp Raman peak at 1366 cm−1 is mainly 

due to the high-frequency characteristic peak of h-BN. After laser treatment, the spherifi-

cation of the h-BN particles resulted in a slight blue shift in the high-frequency Raman 

characteristic peaks [41]. 

 

Figure 3. (a) XRD spectra of raw h-BN nanoflakes and L-h-BN nanospheres, and (b) Raman spectra 

of h-BN grown using different laser energy fluence values. XPS spectra of (c) N1s core-level and (d) 

B1s core-level for raw h-BN nanoflakes and L-h-BN nanospheres. 

In order to analyze the changes in binding energy on the h-BN surface before and 

after laser irradiation, the XPS survey spectrum and core-level spectra of the aw h-BN 

nanoflakes and L-h-BN spherical nanoparticles were tested, as shown in Figures 3c,d and 

S6 (Supplementary Materials). The four distinct peaks observed in the XPS survey curve 

corresponded to B1s, N1s, O1s and C1s. Here, the existence of the O1s element may be 

due to the environmental existence of oxygen. All XPS survey curves show that mainly B 

and N were present in all the samples, which is in accordance with the XRD results. On 

the other hand, the C1s peak in the survey curve at 284.7 eV was possibly due to the carbon 

impurity and the environmental existence of carbon [42,43]. The core-level N1s and B1s 

spectra are displayed in Figure 3c,d, respectively. The presence of these peaks indicates 

the presence of B-N bonds in the samples [44,45]. It is worth noting that the binding energy 

of the N1s and B1s was shifted to a certain extent after laser irradiation. For the raw h-BN 

nanoflakes, the location of the N1s peak was at 397.91 ev, and the location of the B1s peak 

was at 190.29 ev. Meanwhile, for the laser-induced h-BN nanospheres, the location of the 

N1s peak was at 397.43 ev, and the location of the B1s peak was at 189.85 ev. This result 
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h-BN grown using different laser energy fluence values. XPS spectra of (c) N1s core-level and (d) B1s
core-level for raw h-BN nanoflakes and L-h-BN nanospheres.

In order to analyze the changes in binding energy on the h-BN surface before and
after laser irradiation, the XPS survey spectrum and core-level spectra of the aw h-BN
nanoflakes and L-h-BN spherical nanoparticles were tested, as shown in Figures 3c,d and S6
(Supplementary Materials). The four distinct peaks observed in the XPS survey curve
corresponded to B1s, N1s, O1s and C1s. Here, the existence of the O1s element may be due
to the environmental existence of oxygen. All XPS survey curves show that mainly B and N
were present in all the samples, which is in accordance with the XRD results. On the other
hand, the C1s peak in the survey curve at 284.7 eV was possibly due to the carbon impurity
and the environmental existence of carbon [42,43]. The core-level N1s and B1s spectra are
displayed in Figure 3c,d, respectively. The presence of these peaks indicates the presence of
B-N bonds in the samples [44,45]. It is worth noting that the binding energy of the N1s and
B1s was shifted to a certain extent after laser irradiation. For the raw h-BN nanoflakes, the
location of the N1s peak was at 397.91 ev, and the location of the B1s peak was at 190.29 ev.
Meanwhile, for the laser-induced h-BN nanospheres, the location of the N1s peak was at
397.43 ev, and the location of the B1s peak was at 189.85 ev. This result further confirmed
that the particles changed from flakes to spheres after laser irradiation [46].
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The stable dispersion of lubricating oil additive in base oil is a prerequisite for its
application. Spherical L-h-BN nanoparticles and h-BN nanoflakes were added to PAO6
base oil at 0.1% wt% concentration to observe the dispersion of nanoparticles in the base oil.
Oil samples containing h-BN nanoflakes began to precipitate significantly after 3 days of
standing (Figure 4a). However, for the oil sample containing spherical L-h-BN nanoparticles,
the nanoparticles could still be stably dispersed in the base oil with the extension of the
static time. There was no observable precipitation even after 30 days, suggesting that the
spherical L-h-BN nanoparticles achieved good monodispersion in the base oil (Figure 4a).
In order to further verify the dispersion stability of the additive, the absorbance curves
of the spherical L-h-BN nanoparticles and h-BN nanoflakes in PAO6 were measured via a
UV–visible spectrophotometer (Figure 4b). The absorbance of the PAO6 containing h-BN
nanoflakes decreased rapidly with time under the irradiation of a 430 nm light source. In
contrast, the absorbance of the PAO6 containing spherical h-BN nanoparticles was very
stable, which proves that spherical h-BN nanoparticles disperse well in the PAO6 base oil.
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3.2. Friction Experiment

The tribological properties of the spherical L-h-BN nanoparticles were evaluated
via a four-ball tribological test. The additive concentrations of the h-BN nanoflakes and
spherical L-h-BN nanoparticles were 0.05 wt%, 0.1 wt%, 0.15 wt% and 0.2 wt%, respectively.
The COF curve of the h-BN nanoflakes as a PAO6 additive at different concentrations
is shown in Figure 5a. The COF of the pure PAO6 base oil was larger. However, after
the addition of h-BN nanoflakes, the COF decreased gradually. For h-BN nanoflakes,
when the concentration was less than 0.15 wt%, the COF decreased with increasing h-
BN nanoflakes. The maximum reduction in the average COF was about 16.2% for PAO6
containing 0.1 wt% h-BN nanoflakes. The COF increased with a higher concentration
of h-BN nanoflakes. The standard deviation of the COF curves of the oil samples with
0.1 wt% h-BN nanoflakes was 0.0008. However, the standard deviation of the COF curves
of the oil samples with 0.1 wt% spherical L-h-BN was 0.00044. The COF curves of the oil
samples with 0.1 wt% L-h-BN spherical nanoparticles were much smoother than the oil
samples with 0.1 wt% h-BN nanoflakes, as shown in Figure 5a,c. When the PAO6 base oil
contained 0.1 wt% spherical L-h-BN nanoparticles, the decrease of the COF reached the
maximum 26.1% (Figure 5d), showing an excellent lubrication effect. This is because h-BN
nanoflakes have poor dispersion in the base oil, and the aggregated h-BN nanoflakes easily
scratched the surface of the friction pair, and the friction performance of the additive was
not at its best [47]. The spherical L-h-BN nanoparticles were well dispersed in the base oil,
successfully realizing the rolling friction between the friction pairs. In addition, during
the friction process, the L-h-BN nanoparticles formed an excellent lubrication film on the
surface of the friction pairs, thus reducing the COF [48].



Lubricants 2023, 11, 199 7 of 13

Lubricants 2023, 11, 199 7 of 13 
 

 

best [47]. The spherical L-h-BN nanoparticles were well dispersed in the base oil, success-

fully realizing the rolling friction between the friction pairs. In addition, during the fric-

tion process, the L-h-BN nanoparticles formed an excellent lubrication film on the surface 

of the friction pairs, thus reducing the COF [48]. 

 

Figure 5. (a) COF curves of PAO6 base oil containing raw h−BN nanoflakes of different concentra-

tions, (b) the corresponding average COF of raw h−BN nanoflakes with different concentrations and 

the COF reduction compared with pure PAO6, (c) COF curves of PAO6 base oil containing spherical 

L−h−BN nanoparticles of different concentrations, (d) the corresponding average COF of spherical 

L−h−BN nanoparticles with different concentrations and the COF reduction compared with pure 

PAO6. 

Lubricating oil additives should not only have good anti-friction properties, but also 

have excellent anti-wear properties. After the friction experiment, the data of the wear scar 

diameter (WSD) on the fixing balls were studied (Figure 6). After the addition of L-h-BN 

spherical nanoparticles and h-BN nanoflakes, the WSD decreased, indicating that the ad-

ditive had an anti-wear effect. However, when the concentration was greater than 0.1 wt%, 

the anti-wear effect began to weaken. This is because with the increase in the additive 

concentration, excess additives form caking, leading to serious wear [25]. When the con-

centration of spherical L-h-BN nanoparticles was 0.1 wt%, the WSD decreased the most, 

reaching 23.2%. At this time, the bearing pressure on the surface of the friction pair in-

creased by 68.8% from 1.6 Gpa to 2.7 Gpa, and the load-bearing capacity was greatly im-

proved. However, the dispersion effect of the h-BN nanoflakes was not as good as that of 

L-h-BN spherical nanoparticles. When the concentration of the h-BN nanoflakes was 0.2 

wt%, the WSD increased compared with that of the pure base oil, which is the result of an 

agglomeration phenomenon. The excellent anti-wear performance is caused by two fac-

tors [41]. One is that the ball bearing effect leads to a low friction coefficient, thus reducing 

wear. On the other hand, after long friction, the L-h-BN spherical nanoparticles gradually 

peel off and change into lamellar structures during the process of friction and extrusion. 

As the friction process progresses, the lamellar structure adheres to the surface of the fric-

tion pair, reducing surface wear and repairing the friction pair. 

Figure 5. (a) COF curves of PAO6 base oil containing raw h-BN nanoflakes of different concentrations,
(b) the corresponding average COF of raw h-BN nanoflakes with different concentrations and the COF
reduction compared with pure PAO6, (c) COF curves of PAO6 base oil containing spherical L-h-BN
nanoparticles of different concentrations, (d) the corresponding average COF of spherical L-h-BN
nanoparticles with different concentrations and the COF reduction compared with pure PAO6.

Lubricating oil additives should not only have good anti-friction properties, but also
have excellent anti-wear properties. After the friction experiment, the data of the wear
scar diameter (WSD) on the fixing balls were studied (Figure 6). After the addition of
L-h-BN spherical nanoparticles and h-BN nanoflakes, the WSD decreased, indicating that
the additive had an anti-wear effect. However, when the concentration was greater than
0.1 wt%, the anti-wear effect began to weaken. This is because with the increase in the
additive concentration, excess additives form caking, leading to serious wear [25]. When
the concentration of spherical L-h-BN nanoparticles was 0.1 wt%, the WSD decreased the
most, reaching 23.2%. At this time, the bearing pressure on the surface of the friction pair
increased by 68.8% from 1.6 Gpa to 2.7 Gpa, and the load-bearing capacity was greatly
improved. However, the dispersion effect of the h-BN nanoflakes was not as good as
that of L-h-BN spherical nanoparticles. When the concentration of the h-BN nanoflakes
was 0.2 wt%, the WSD increased compared with that of the pure base oil, which is the
result of an agglomeration phenomenon. The excellent anti-wear performance is caused by
two factors [41]. One is that the ball bearing effect leads to a low friction coefficient, thus
reducing wear. On the other hand, after long friction, the L-h-BN spherical nanoparticles
gradually peel off and change into lamellar structures during the process of friction and
extrusion. As the friction process progresses, the lamellar structure adheres to the surface
of the friction pair, reducing surface wear and repairing the friction pair.

After the friction experiment, the three-dimensional image of wear on the surface of
the friction pair was obtained, as shown in Figure 7. When the L-h-BN was not added,
the surface of the friction pair was seriously worn, and the furrows were deeper and
wider (Figure 7a,b). A partially enlarged three-dimensional image (Figure 7c) shows severe
fluctuations in the worn surface. After the addition of the L-h-BN spherical nanoparticles,
the wear phenomenon was alleviated, and the fluctuation in the worn surface was greatly
reduced, as shown in Figure 7d–f. Locally magnified three-dimensional images also show
that the worn surface was relatively uniform and smooth. Finally, the surface roughness Ra



Lubricants 2023, 11, 199 8 of 13

of the pure PAO6 friction pair was 3.012 µm, while that of the L-h-BN lubricating friction
pair was 2.132 µm. The peak–valley difference in the friction pair surface decreased by
39.6%, from 7.809 µm to 4.717 µm. The wear volume decreased by 23.8%, from 0.0021 mm3

to 0.0016 mm3, indicating that the L-h-BN additive had better anti-wear effect.
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Figure 7. Three-dimensional optical images of wear surface after PAO6 friction test: (a) planar three-
dimensional images, (b) solid three-dimensional images and (c) local enlarged three-dimensional
images. Three-dimensional optical images of wear surface after PAO6 containing 0.1 wt% L-h-BN
spherical nanoparticles friction test, (d) planar three-dimensional images, (e) solid three-dimensional
images and (f) local enlarged three-dimensional images.

3.3. Mechanism Analysis

In order to explore the lubrication mechanism, a Raman spectrometer was used to
analyze the worn surface, as shown in Figure 8. After the friction experiment with PAO6,
the surface wear marks of the friction pair were found to be deep and wide (Figure 8a),
consistent with the wear marks of the three-dimensional optical image. Raman analysis
of the friction area showed a significant ferric oxide peak at ~667 cm−1, indicating severe
surface wear on the friction pair [49]. For the sample containing spherical L-h-BN, the worn
surface was smooth and flat (Figure 8b). In addition, both the Raman spectra (Figure 8b)
and Raman plane scanning mode (Figure 8c,d) of the worn surface showed an obvious
L-h-BN signal, which indicates that the L-h-BN additive was uniformly deposited on the
friction pairs. Therefore, the L-h-BN additive could effectively form a tribofilm and play
a very important surface repair role, and exhibit a significant anti-wear effect [41].
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Figure 9a,b show the SEM images of the worn surface of the pure PAO6 and L-h-
BN additive after friction tests, respectively. The images show that the worn surface
lubricated with pure PAO6 after cleaning was uneven and had a large diameter. The worn
surface lubricated with PAO6 containing L-h-BN additive was smooth and had a small
diameter. Energy Dispersive Spectrometer (EDS) analysis was used to study the chemical
composition of the worn surface, as shown in Figure 9c–e. The N element mapping image
and the EDS spectrum showed that the worn surface of the L-h-BN additive contained
the N element, which proved that the L-h-BN additive was successfully deposited on the
surface of the friction pairs. After the friction test, the distribution of the N element showed
a spherical shape, consistent with the appearance of the worn spot, indicating that h-BN
was successfully deposited on the surface of the friction pair to form a tribofilm and that it
played an important repairing role.

The lubrication mechanism of L-h-BN as oil additives is shown in Figure 10. L-h-BN
nanospheres as additives can be well dispersed in the base oil. In the friction process,
spherical nanoparticles can change sliding friction into rolling friction, thus reducing
the COF, as shown in Figure 10b. In addition, some L-h-BN spherical additives can be
stripped into lamellar layers during the extrusion of the friction pair. The lower shear
force between the lamellar structures can also reduce the COF. As the friction process
proceeds, the lamellar structure is adsorbed on the surface of the friction pair to form
a tribofilm and repair the friction pair, thus reducing the surface wear and exerting the
anti-wear effect (Figure 10d). In conclusion, under the combined action of the above two
mechanisms, L-h-BN spherical nanoparticles as additives exhibit excellent anti-wear and
anti-friction effects.
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friction of nanospheres, (c) h-BN molecular structure, and (d) interlaminar slip of layered structure.

4. Conclusions

In the preceding sections, a simple laser irradiation method for preparing L-h-BN
spherical nanoparticles is presented. The tribological properties of L-h-BN spherical
nanoparticles as lubricating oil additives are also studied, and the lubrication mechanism
is fully discussed.

1. As a lubricating additive, L-h-BN nanospheres can achieve good dispersion stability
in PAO6 and maintain no precipitation for 30 days.

2. L-h-BN nanospheres show enhanced tribological performance. When the con-
centration of spherical L-h-BN nanoparticles is 0.1 wt%, the COF and WSD decrease by
26.1% and 23.2%, and the wear volume and surface roughness decrease by 23.8% and
29.2%, respectively.
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3. Under the optimal addition concentration, the bearing pressure on the surface of
the friction pair is increased by 68.8%, from 1.6 Gpa to 2.7 Gpa. The peak–valley difference
in friction pair surface decreases by 39.6%, from 7.809 µm to 4.717 µm.

4. The anti-wear and anti-friction mechanism is caused by two main factors. First, the
effect of the ball bearing leads to a low coefficient of friction. In addition, as the friction
process progresses, some L-h-BN spherical nanoparticles gradually peel off and change
into layered structures. The layered h-BN adheres to the worn surface to form a tribofilm,
repairing the worn surface and reducing wear.

5. L-h-BN spherical nanoparticles have excellent anti-wear and anti-friction properties.
This simple one-step laser irradiation method provides a new way to prepare spherical
layered lubricating oil additives.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/lubricants11050199/s1, Figure S1: Pictures of Liquid phase laser
irradiation equipment (a) side view, (b) front view; Figure S2: Diagram of four-ball friction and wear
test model [50]; Figure S3: (a) COF curves of a base oil containing additives with different laser
irradiation flux, (b) The corresponding average COF and the COF reduction compared with pure
PAO6; Figure S4: Absolute value of zeta potential before and after laser irradiation; Figure S5: Particle
size distribution of L-h-BN spherical nanoparticles; Figure S6: XPS survey spectrums of (a) raw h-BN
nanoflakes and (b) L-h-BN spherical nanoparticles.
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