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Abstract: Poor lubrication performance of low-sulfur fuel leads to increased wear of diesel engine
components. In order to improve the lubrication properties of low-sulfur fuel, we successfully
prepared graphene lubricant additives by dielectric barrier discharge plasma-assisted ball milling.
The tribological properties of graphene lubricant additives in two types of 0# diesel oils with different
sulfur content were evaluated by high-frequency reciprocating rig (HFRR). The results indicated
that the expanded graphite was exfoliated and refined into graphene sheets with nine layers by
the synergistic effect of the heat explosive effect of the discharge plasma, the impact of mechanical
milling function, and the cavitation effect of 0# diesel oil. The organic functional groups of 0# diesel
oil were successfully grafted on the surface of graphene sheets. The addition of 0.03 wt % graphene
resulted in 20% reduction in the friction coefficient (COF) and 28% reduction in wear scar diameter
(WSD) compared to pure 0# diesel oil with a sulfur content of 310 mg/kg. The addition of 0.03 wt %
graphene resulted in 24% reduction in the friction coefficient (COF) and 30% reduction in wear scar
diameter (WSD) compared to pure 0# diesel oil with a sulfur content of 1.1 mg/kg. The formation of
graphene tribofilm on rubbing surfaces improved the lubrication properties of low-sulfur fuel.

Keywords: low-sulfur fuel; graphene; lubricant additive; lubrication property; surface modification;
dielectric barrier discharge plasma-assisted ball milling

1. Introduction

Sulfur oxides (SOX), which are the main pollutant of air pollution and environmental
acidification, are part of exhaust emissions from marine diesel engines. The problem of air
pollution is becoming more and more serious, arousing wide public concern [1,2]. To control
exhaust pollution from marine diesel engines, the International Maritime Organization
(IMO) issued Supplement VI of MARPOL Convention-Rules for preventing air pollution
from vessels. Since 1 January 1 2020, the sulfur content of fuel used by marine diesel
engines has been reduced from 3.5% to 0.5% even outside SOX emission control area
(SECA) [3]. However, the desulfurization process of fuel removes some of the polar bonds
that are useful for their lubricating properties. The removal of polar compounds will even
significantly deteriorate the lubricity of ultra-low sulfur diesel [4], which will cause a large
number of problems, including excessive and rapid wear of the fuel pump, fuel injection
nozzle corrosion, complex engine start-up, engine instability, insufficient engine power,
and shortened life span of the engine [5].

At present, the way in which to improve the lubricity of low-sulfur fuel has attracted
the interest of researchers. Addition of lubricating additives to low-sulfur fuel is an effec-
tive method to improve the lubricity of low-sulfur fuel. Hu et al. added the high oil fatty
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acid to ultra-low sulfur non-additive 0# diesel as an anti-wear agent, wherein the wear scar
diameter and the coefficient of friction were reduced by 60.3% and 95.7%, respectively [6].
Soybean oil and other vegetable oils were researched as raw material to synthesize mo-
noethanolamides as lubricating additives for low-sulfur marine fuel, and the average wear
scar diameter (WS 1.4) was less than 520 um when the concentration of monoethanolamides
was 80-140 ppm [7]. Tomic et al. conducted research using biodiesel oil obtained from
sunflower oil as an additive and added it to low-sulfur diesel oil (fossil diesel oil) with a
volume ratio of 3%, finding that the lubrication properties of low-sulfur diesel oil were
significantly improved and the wear scar diameter was reduced by 42% [8]. Sun et al.
developed biochar-based lubricating additives for low-sulfur diesel fuel and found the
average wear scar diameter values of low-sulfur diesel fuel decreased progressively with
the increase of additive concentration [9]. Liu et al. synthesized tung oil-based fatty acid
methyl ester and the maleation compound as lubricating additive for ultralow-sulfur diesel
fuel—the wear scar and friction of ultralow-sulfur diesel fuel were reduced by 40 and
46-47% with low additive levels of 500 ppm and 1000 ppm, respectively [10]. However,
these additives have poor compatibility with low-sulfur fuel and cause different degrees of
pollution to low-sulfur fuel. Therefore, the development of simple, low-cost, pollution-free
lubricating additives for low-sulfur fuel has become the goal of researchers.

Graphene has an atomically thin thickness and a layered structure with low shear
strength, high mechanical strength, low surface energy, and chemical stability in harsh
environments [11], which make graphene widely studied as a lubricant additive [12,13].
Wang et al. prepared graphene with 4-6 layers in size of 3-5 pm by liquid phase ex-
foliation method and then dispersed it into SAE 10W-30 (SAE is the abbreviation of Society
of Automotive Engineers. SAE grade represents the viscosity grade of oil) lubricating oil
with the concentration of 0.05 wt %, finding that the coefficient of friction and specific
wear rate were reduced by 65% and 66%, respectively [14]. Gayatri et al. prepared the
dodecyl amine functionalized graphene (DAG) by solution mixing and found that addition
of 0.10 wt % DAG into 5W-30 resulted in 40% reduction of friction coefficient [15].

However, graphene shows incompatibility with most solvents/lubricants and tends
to agglomerate due to high cohesion interactions [11]. The long-term dispersion stability of
graphene in lubricants has been a major challenge for the lubricant industry—researchers
either functionalize graphene or use dispersants to stably disperse graphene in traditional
lubricants, but the process of preparing functionalized graphene is complex.

Dielectric barrier discharge plasma-assisted ball milling (DBDP-assisted ball milling)
is a novel preparation method of nano lubricant additives [16]. Yan et al. prepared surface-
modified nano-TiO, powders of about 20 nm with quaternary ammonium salt and lauric
acid sodium salt as surface modifier by DBDP-assisted ball milling for 11 h, and the results
showed that plasma made quaternary ammonium salt and lauric acid sodium salt more
prone to broken bonds and polymerization and promoted the surface modification of TiO,
powders, which were well dispersed in 40 CA (CA stands for diesel engine oil). marine
lubricating oil and possessed excellent tribological properties [17].

In this paper, in order to improve the lubrication properties of low-sulfur fuel, we
prepared surface-modified graphene lubricant additives for low-sulfur fuel by DBDP-
assisted ball milling, with expanded graphite as raw material and 0# diesel oil as surface
modifier. The microstructure, dispersity, and physicochemical properties of the graphene
additives were tested and analyzed by different means. The tribological properties of
graphene additives in 0# diesel oils with different sulfur content were investigated by
high-frequency reciprocating rig (HFRR), and the mechanism of friction reduction and
anti-wear was analyzed. This study can provide a method for improvement of low-sulfur
fuel lubrication properties, which has important practical value for commercial application
of graphene.
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2. Materials and Methods
2.1. Materials

Expanded graphite was obtained from unexpanded graphite. Unexpanded graphite
was purchased from Shanghai Yifang Graphite Co., Ltd (Shanghai, China). The unex-
panded graphite was heated to 1000 °C in a chamber electric furnace (5X2-4-10, Luoyang
Zipu Furnace Co., Ltd., Luoyang, China) with 4 kW power and was kept at 1000 °C for
20 min. After cooling to room temperature, the resulting expanded graphite was obtained.
The 0# diesel oil with a sulfur content of 310 mg/kg (named oil sample 1) and 0# diesel oil
with a sulfur content of 1.1 mg/kg (named oil sample 2) were purchased from PetroChina
Company Limited (Xiamen, China). The physical and chemical properties of 0# diesel oil
used in this experiment are shown in Table 1.

Table 1. Physical and chemical properties of 0# diesel oil.

Fuel Oil Type

Kinematic Viscosity

Sulfur Content (mg/kg) Closed Flash Point (°C) (20 °C) (mm?/s)

0# diesel oil with a sulfur content of
310 mg/kg (oil sample 1)

0# diesel oil with a sulfur content of
1.1 mg/kg (oil sample 2)

310 66 4.7998

1.1 72 3.06

2.2. Synthesis of Graphene Lubrication Additives

Expanded graphite (5 g) and 0# diesel oil (oil sample 1) (500 mL) were mixed evenly
and put into DBDP-assisted ball milling tank (Sunwoda Electronic Co., Ltd. Shenzhen,
China). The mill balls were 6, 4, 2, and 1 mm in diameter. DBDP-assisted ball milling was
carried out on a self-made DBDP-assisted ball milling device, as shown in Figure 1. The
vibration frequency of the device was 16 Hz and the amplitude was 10 mm. DBDP-assisted
ball milling tank was filled with 0.1 MPa argon gas. The plasma discharge voltage was
23 kV, the electric current was 1.5 A, and the discharge frequency was 60 kHz. Graphene
lubrication additives (fuel modified graphene) were obtained by DBDP-assisted ball milling
for 10 h.

Metal electrode Dielectric barrier layer

Powder
N

High-frequ

Mill ball (metal)

bncy power

Figure 1. Schematic design of dielectric barrier discharge plasma-assisted ball milling,.

2.3. Fuel Lubrication Properties Tests

A certain amount of graphene additives was added into 0# diesel oil (oil sample 1
and oil sample 2). The lubricity of graphene additives in 0# diesel oil (oil sample 1 and
oil sample 2) were evaluated via high-frequency reciprocating rig (HFRR). The friction
and wear were measured under boundary lubrication conditions using a highly stressed
ball-on-disc contact (ball-AISI 52100 bearing steel, D = 6 mm, hardness 700 HV, and Ra
0.018 um; disk-AISI 52100 bearing steel, ¢ =20 mm, h = 3.5 mm, hardness 700 HV, and Ra
0.018 um). The upper ball makes high-frequency short stroke reciprocating motion under a
certain load, while the lower disc is fixed in the o0il box. The steel ball slides on the steel
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disc, and the contact part of the upper ball and lower disc is completely immersed in the
test diesel fuel.

The effect of graphene additives on the lubricity of 0# diesel oil (oil sample 1 and oil
sample 2) was evaluated according to the ISO12156-1:1997, and the test conditions were
selected as follows: diesel oil temperature was 60 °C, testing mass was 200 g, frequency
was 50 Hz, stroke length was 1.0 mm, testing duration was 75 min. In order to minimize
any outside interference during tests, we controlled both the humidity and temperature.
At the end of the test, the wear scar diameter (WSD) of the ball was measured at the optical
microscopy. The WSD was corrected to normalize vapor pressure to 1.4 kPa. At the same
time, the average value of friction coefficient (COF) was obtained.

2.4. Characterization

The samples were characterized by standard available characterization techniques.
Field emission scanning electron microscopy (FESEM, ZEISS VEO 18, Carl Zeiss AG,
Germany), high-resolution transmission electron microscopy (HRTEM, TECNAI G230S-
TWIN, FEI, Hillsboro, OR, USA), Raman spectroscopy (HRE volution, HORIBA Jobin
Yvon, Paris, France), and XRD (MiniFlex600, Rigaku Corporation, Japan) were used to
characterize the microstructure and chemical composition of the sample. FTIR (NICOLET
IS10, Thermo Nicolet Corporation, Madison, WI, USA) was employed to confirm the
chemical groups of the sample surface. Energy-dispersive spectroscopy (EDS, Hitachi
model SU8010, HITACHI, Japan) was employed to investigate the chemical composition
of the tribo-film on the wear zones. The sulfur content of 0# diesel oil was measured
by Oil Sulfur Analyzer (KL3120, Shanghai Yutong Instrument Factory, Shanghai, China).
The closed flash point of 0# diesel oil was examined by full automatic closed cup flash
point tester (DZY-002Z, Dalian Instructments And Meters Co., Ltd, Dalian, China). The
kinematic viscosity of 0# diesel oil was analyzed by stabinger viscometer (SVM 3001, Anton
Paar, Austria). The calorific value of 0# diesel oil was measured by calorific value meter
(DZY-RIA, Dalian Instructments And Meters Co., Ltd., Dalian, China). The atomization
performance of 0# diesel oil was analyzed by comprehensive calibrator for injectors and
nozzles (BD-PQZ, Taian Kechuang Experimental Equipment Co., Ltd., Taian, China).

3. Results and Discussion
3.1. Characterization of Fuel Modified Graphene

Figure 2 shows the images of expanded graphite (before DBDP-assisted ball milling)
and fuel modified graphene (after DBDP-assisted ball milling). The SEM image in Figure 2a
shows that the expanded graphite was the lamellar structure and closely agglomerated
together before DBDP-assisted ball milling. As seen in the SEM image in Figure 2b, fuel-
modified graphene sheets were broken and exfoliated, and loosely stacked together after
DBDP-assisted ball milling for 10 h. It seems that the fuel-modified graphene sheets
had better dispersion compared with the expanded graphite sheets before DBDP-assisted
ball milling.

Figure 3 shows the micrograph of the fuel-modified graphene after DBDP-assisted
ball milling for 10 h. As shown in Figure 3a, the graphene sheets were transparent and
in corrugated shapes. Figure 3a clearly reveals the ultrathin structure and smooth sur-
face of the fuel-modified graphene. This was essential to ensure that the fuel-modified
graphene sheets inserted into the friction pairs. It can be observed in Figure 3b that the
graphene sheets were obviously layered aggregation. As shown by the arrow in Figure 3b,
it was possible to observe nine well-ordered stacking layers that were typical of multilayer
graphene.
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Figure 3. TEM images of fuel-modified graphene. (a) The micrograph of graphene after DBDP-assisted ball milling for 10 h;
(b) The graphene sheets after DBDP-assisted ball milling for 10 h.

The XRD patterns of expended graphite (before DBDP-assisted ball milling) and
fuel-modified graphene (after DBDP-assisted ball milling) are presented in Figure 4. A
sharp diffraction peak in the XRD pattern of expended graphite was located at 20 = 26.5,
which can be attributed to the contribution of (002) crystal plane of hexagonal graphite. A
diffraction peak of fuel-modified graphene was located at 20 = 26.3°. The diffraction peak
at 26° was assigned to the stacking of graphene sheets [18,19]. Obviously, the diffraction
peak of fuel modified graphene was weakened dramatically in comparison with that of the
expended graphite, indicating that the expended graphite tended to be amorphous and a
downsizing phenomenon occurred after DBDP-assisted ball milling [20]. At the same time,
the position of the diffraction peak of fuel-modified graphene shifted slightly to the left
in comparison with that of the expended graphite, which means that interlayer spacing
increased after DBDP-assisted ball milling.

The Raman spectra of expanded graphite and fuel-modified graphene are presented
in Figure 5. Three peaks were observed at ~1350, ~1580, and ~2700 cm ™!, which are
called D band, G band, and 2D band, respectively. The D band at ~~1350 cm ! is attributed
to the disordered carbon, the G band at 21580 cm ™! is attributed to the characteristic peak
of the in-plane vibration of a layer of sp? carbon atoms, and the 2D band at ~2700 cm !
arises from a two-phonon double-resonance Raman process [21,22]. The ratio of intensities
Ip/Ig can be used to define the graphitization degree of carbon materials [23]. The Ip/Ig
value (0.2) of the fuel-modified grapheme was higher than that of the expanded graphite
(0.14), showing that the layer number of graphite material decreased after 10 h ball milling.
The result was in consistency with the analysis of TEM in Figure 3, with the number of
graphene layers being decreased to nine.
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Figure 4. XRD patterns of expended graphite and fuel-modified graphene.
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Figure 5. Raman spectra of expended graphite and fuel-modified graphene.

Figure 6 shows the FTIR spectra of expended graphite and fuel-modified graphene.
The spectrum of the expanded graphite presents the following peaks. The peak at 3153 cm ™!
is attributed to the stretching vibration of the O-H group [24]. The band at 1584 cm~! is
attributed to the C=C stretching vibration peak [25]. The band at 1400 cm ! is attributed to
the tertiary C-OH groups. The band at 1052 cm~! is attributed to the C-C vibration peak
in the benzene ring structure of the graphite crystal. On the spectra of the fuel-modified
graphene, the spectrum at 3462 cm~ ! is attributed to stretching vibration of -OH, which
should be the hydroxyl of the 0# diesel oil grafted on the surface of the graphene sheets. The
peaks at 2924 cm~! and 2850 cm ! are attributed to the stretching vibration of -CH, and
—CHj3, which come from the organic functional groups of low-sulfur fuel [26]. The peaks
at 1688 cm ™! and 1374 cm ™! are assigned to stretching vibration of C=C and absorption
peak of C—H, which come from the organic functional groups of 0# diesel oil. According
to the analysis of FTIR spectra, we can preliminarily conclude that the organic functional
groups of 0# diesel oil were successfully grafted on the surface of the graphene sheets.
With the intercalation of the hydrocarbon long chains between the layers, the fuel-modified
graphene sheets were prevented from agglomerating. They were loosely stacked. The
result is in consistency with the analysis of SEM in Figure 2.
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Figure 6. FTIR spectra of expended graphite and fuel-modified graphene.
3.2. The Dispersion of Graphene Additives in O# Diesel Oil

Stable dispersibility in 0# diesel o0il as a nano-lubricant additive is very important
for graphene. It is essential to guarantee the excellent lubricating property of graphene
additives. To monitor the stability of graphene additives in 0# diesel (oil sample 1), we
carried out dispersion analysis. Figure 7 shows different concentrations of graphene
additives dispersed in 0# diesel oil (oil sample 1) after ultrasonic treatment for 30 min.
After 20 days of storage, the 0# diesel oil with 0.01 wt %, 0.02 wt %, and 0.03 wt % of
graphene additives had good dispersibility. This can be attributed to the hydrocarbon
long chains grafted to the graphene additive surfaces—the graphene additives had good
compatibility with 0# diesel oil (oil sample 1). However, while the amount of graphene
additives was greater than 0.03 wt %, the oil sample showed a precipitation phenomenon.
Because graphene has a large specific surface area and high surface energy, it is easier to
adsorb and agglomerate together when the amount of graphene additives increases.

3.3. Preparation and Modification Mechanisms

When graphene lubricant additive is prepared by DBDP-assisted ball milling, the
expanded graphite is broken and exfoliated by the impact and shear of the milling balls. At
the same time, the high-temperature plasma heats the graphite to promote the expansion
and exfoliation of graphite sheets. On the other hand, high-density and high-energy plasma
bombards the surface of graphite sheets and fuel, producing a huge impact force, which
not only accelerates the refinement and exfoliation of graphite sheets, but also causes part
of fuel to evaporate and gasify, which leads to fuel sputtering on graphite and causes
cavitation effects [27,28]. Part of the sputtering fuel is embedded between the graphite
sheets and accelerates the exfoliation of the graphite sheets. During the cavitation process, a
large amount of energy is released by the bubbles when they burst. The energy has a strong
impact on the graphite sheets, which further accelerates the refinement and exfoliation of
the graphite sheets. During DBDP-assisted ball milling, the plasma will make some high
molecular polymers more prone to broken bonds and polymerization [29]. At the same
time, when the cavitation occurs, the local temperature and pressure increase sharply when
the bubble bursts, which results in decomposition and broken bonds of fuel molecules,
generating free radicals and promoting chemical reactions [27,30], as well as the production
of a large number of organic functional groups (-OH, C=C, -CHz, -CH,, C-H). The highly
active particles (ions, electrons, atoms, and molecules in an excited state; free radicals; etc.)
produced by plasma are easy to adsorb with the graphene sheets, which results in the
increase of surface activity of the graphene sheets, as well as the fresh surfaces, and a large
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number of defects introduced by DBDP-assisted ball milling further enhances the activity
of the graphene sheets, which makes diffusion, phase transition, and chemical reaction
easier. The organic functional groups (-OH, C=C, -CH3, -CH,, C-H) of the 0# diesel oil
(oil sample 1) are absorbed or polymerized on the surface of the graphene sheets. Owing to
the synergism of the thermal explosion effect produced by plasma, the mechanical impact
effect produced by DBDP-assisted ball milling, and cavitation effect produced by fuel, in
our study, expanded graphite was exfoliated and refined into graphene sheets with nine
layers. At the same time, the organic functional groups (-OH, -CH,, -CHj3, C=C, C-H) of
0# diesel oil (oil sample 1) were adsorbed or polymerized on the surface of the graphene
sheets, and the hydrocarbon long-chain structure similar to that of 0# diesel oil (oil sample
1) was formed on the surface of the graphene sheets. Graphene lubricant additives had
good compatibility with 0# diesel oil (oil sample 1).

0.01 wt % 0.02 wt % 003 wt % 004wt %%

0.01 wt % 0.02 wt % 003 wt % 004wt %%

(b)

Figure 7. Digital images of 0# diesel oil (0il sample 1) with different concentrations of graphene additives settled for (a) 0

days and (b) 20 days.

3.4. Physical and Chemical Property Tests

The physical and chemical properties of fuel directly affect its storage, transportation,
combustion, and emission. It was necessary to analyze whether the fuel characteristics
met the standard GB252-2015. The physical and chemical properties of 0# diesel oil (oil



Processes 2021, 9, 272

9of 15

sample 1 and oil sample 2) with and without 0.03 wt % graphene lubrication additives
were measured. The results are presented in Table 2.

Table 2. Physical and chemical properties of fuel oil samples (GB252-2015).

Sulfur Content Closed Flash Point Kinematic Viscosity

Fuel Oil Type (mg/ke) ©0) 20 °C) (mm?/s) Calorific Value (k]J/kg)

0# diesel oil (oil sample 1) 310 66 4.7998 45,693
0# diesel oil (oil sample 1) with

0.03 wt % graphene additive 310 68 4.8279 45,876

0# diesel oil (oil sample 2) 1.1 72 3.06 10,896

0# diesel oil (oil sample 2) with 1.1 73 3.10 11,068

0.03 wt % graphene additive
Standard (0# diesel oil) <0.1% (IMO) >55 3~8 >42,652

(GB252-2015)

3.5. Atomization Performance Tests

The plunger-sleeve assembly, the delivery valve-valve seat assembly, and the injector
needle valve-valve seat assembly of the fuel pump are all precision assemblies. As a solid
lubricant additive in 0# diesel oil, graphene should not cause the jam between the plunger
and the sleeve as well as the blocking in injection hole of the injector, which affects the
atomization effect. The atomization performance tests of 0# diesel oil (oil sample 1 and oil
sample 2) with and without 0.03 wt % graphene lubricant additives were carried out. The
results are shown in Figure 8. The shape of the oil beams of the two oil samples were foggy,
no obvious oil droplets or unevenness of the oil beam were observed, and the injection of
fuel was crisp, which indicated that the atomization effect of 0# diesel oil (oil sample 1 and
oil sample 2) with 0.03 wt % graphene lubricant additives was not reduced compared to
pure 0# diesel oil (oil sample 1 and oil sample 2).

3.6. The Effect of Graphene Additive on the Lubricity of 0# Diesel Oil

The graphene additives were applied to 0# diesel oil (oil sample 1 and oil sample 2),
and the lubricity of the graphene additives to 0# diesel oil (oil sample 1 and oil sample 2)
were evaluated by WSD and COF.

3.6.1. Anti-friction Behavior

Figure 9 shows the average friction coefficient (COF) of 0# diesel oil (oil sample 1 and
oil sample 2) with different concentrations of graphene additive (0, 0.01, 0.02, 0.03, 0.04,
0.05, and 0.06 wt %). The COF of pure oil sample 2 was higher than that of pure oil sample
1. This can be attributed to the removal of polar components such as organic nitrides and
organic oxides that have lubrication properties while desulfurization, which reduces the
lubricating properties of low-sulfur fuel [31]. Obviously, compared with pure 0# diesel
oil (oil sample 1 and oil sample 2), the COF of 0# diesel oil (oil sample 1 and oil sample 2)
containing different concentrations of graphene additives was reduced, however, 0# diesel
oil (oil sample 1 and oil sample 2) containing 0.03 wt % graphene additive obtained the
smallest friction coefficient (reduced by 20% and 24% compared with pure 0# diesel oil 1
and pure oil sample 2, respectively). This was because the contact area between the friction
surfaces was related to the surface asperities. These phenomena benefit from the special
structure of graphene. The smooth surface and the ultra-thin sheet structure of graphene
make it easy to fill in the valleys between asperities. The contact area of the friction pair
was decreased and the friction coefficient was reduced. However, when the graphene
additives in 0# diesel oil (oil sample 1 and oil sample 2) reached a certain concentration, the
graphene additives that entered the contact surface were saturated. As the concentration
of graphene additives further increase, graphene may agglomerate, resulting in increased
friction. When the graphene additives on the contact surface are saturated, the optimal
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concentration is 0.03 wt %. Thence, graphene additives enhanced the antifriction property
of 0# diesel oil (oil sample 1 and oil sample 2) owing to the formation of tribofilm on the
contact surfaces. The small lamellar structure of graphene additives may more easily enter
the contact surface of friction pairs to form a layer of anti-friction protective film. The
protective film effectively prevents direct contact between metal asperities and significantly
reduces friction.

Figure 8. Atomization properties tests of (a) 0# diesel oil (oil sample 1); (b) 0# diesel oil (oil sample 1) with 0.03 wt %
graphene additives; (c) 0# diesel oil (oil sample 2); (d) 0# diesel oil (oil sample 2) with 0.03 wt % graphene additives.

3.6.2. Anti-Wear Behavior

In order to assess anti-wear performances of graphene additives, we investigated the
wear scar diameters (WSD) of the steel balls. Figure 10 shows the wear volume of 0# diesel
oil (oil sample 1 and oil sample 2) with different concentrations of graphene additives (0,
0.01, 0.02, 0.03, 0.04, 0.05, and 0.06 wt %). As shown in Figure 10, the WSD decreased first
and then increased with the increase of additive concentration. The 0# diesel oil (oil sample
1 and oil sample 2) with 0.03 wt % graphene additive obtained the minimum WSD, and the
minimum WSD was reduced by 30% and 28% compared with pure 0# diesel oil 1 and pure
oil sample 2, respectively). The optical micrograph (Figure 11) of the worn surface of the
steel balls nicely confirmed the previous results. Obviously, the scratches of the steel ball
lubricated with pure 0# diesel oil (0il sample 1 and oil sample 2) were wider and deeper
than those of the steel ball lubricated with graphene additives. This shows that graphene
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additives can greatly improve the anti-wear performance of 0# diesel oil (oil sample 1 and

the formation of graphene
friction film on the wear surface, which was an ultra-thin surface coating that can increase
the load-carrying capacity, reduce the shear effect, and ultimately reduce the wear of the

oil sample 2). The main reason for the decrease in the WSD was

steel balls.
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Figure 11. The optical micrograph of steel ball worn surfaces of friction pair and energy-dispersive spectroscopy (EDS)
patters of the steel disc worn surfaces of friction pair. (a,b) Lubricated by oil sample 1; (c,d) lubricated by oil sample
1 with 0.03 wt % graphene additives; (e,f) lubricated by oil sample 2; (g,h) lubricated by oil sample 2 with 0.03 wt %
graphene additives.

3.6.3. Analysis of the Anti-Friction/Wear Mechanisms

Figure 11 shows the optical micrograph of the worn surfaces on steel balls lubricated
with pure 0# diesel oil (oil sample 1 and oil sample 2) and compound oil containing
0.03 wt % graphene additives. As shown in Figure 11a,e, some severe adhesion phenomena
occurred due to the loss of the tribofilm on the steel ball worn surfaces. The EDS patters of
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the steel disc worn surfaces are provided in Figure 11b,d,f,h. Obviously, the worn surface
lubricated with compound oil containing 0.03 wt % graphene additive had a higher C than
the worn surface lubricated with pure 0# diesel oil. This showed that self-lubricating film
formed on the worn surface was thicker because of the addition of graphene additives
into 0# diesel oil. This explains the increase in COF and WSD when using 0# diesel oil (oil
sample 1 and oil sample 2) alone (Figures 9 and 10). When 0# diesel oil contains graphene
additives, the adhesion phenomena of the steel ball surfaces were greatly reduced. This
can be attributed to the formation of graphene friction film, which prevents the friction
pair surface from contacting directly. Graphene possesses an extremely thin laminated
structure, low shear stress, and high load-carrying capacity. These ensure that graphene
can easily enter the rubbing surfaces and form a low-shear, high durability oil film to
prevent direct metal to metal contacts, which results in the reduction of friction and wear.
Therefore, graphene additives effectively improve the lubrication performance of 0# diesel
oil (oil sample 1 and oil sample 2).

4. Conclusions

In this study, a simple, economical, and pollution-free method was introduced in order
to prepare graphene lubricant additives for 0# diesel oil by dielectric barrier discharge
plasma-assisted ball milling. The 0# diesel oil without any other chemical components
was conducted as a modifier for the first time. A group of experimental studies were
carried out on the high-frequency reciprocating rig (HFRR). The physical, chemical, and
tribological properties of 0# diesel oil with graphene lubricant additives were investigated.
The following conclusions can be drawn:

(1) The preparation and surface modification of graphene lubricant additives were
completed in one step. Owing to the synergism of plasma thermal explosion effect, ball
milling mechanical impact effect, and fuel oil cavitation effect, the expanded graphite was
rapidly exfoliated and refined into graphene sheets with nine layers.

(2) Graphene lubricant additives had good compatibility with 0# diesel oil. During
DBDP-assisted ball milling, reactions such as gasification, ionization, or cracking of molec-
ular bonds occurred with low sulfur fuel, and many organic functional groups (-OH, C=C,
-CHy, -CH3) were produced—these organic functional groups were adsorbed or polymer-
ized on the surface of the graphene sheets, and the hydrocarbon long chain structure
similar to that of 0# diesel oil was formed on the surface of graphene sheets.

(3) Graphene lubricant additives greatly improved the lubrication performance of 0#
diesel oil. The addition of 0.03 wt % graphene resulted in 20% reduction in the COF and 28%
reduction in WSD compared to pure 0# diesel oil with a sulfur content of 310 mg/kg. The
addition of 0.03 wt % graphene resulted in 24% reduction in the COF and 30% reduction
in WSD compared to pure 0# diesel oil with a sulfur content of 1.1 mg/kg. The principal
reason was the formation of graphene tribofilm on the worn surfaces.
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