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Abstract: Lubricant friction modifier additives are used on lower-viscosity engine oils to mitigate
boundary friction. This work presents the development of a graphene-based material as oil friction
modifier additive, from formulation to actual vehicle tests. The Graphene material was initially
characterized using scanning electron microscopy (SEM) and Raman spectroscopy, which revealed
the predominance of graphene nanoplatelets (GNP) with an average of 9 layers. After
functionalization, two GNP additive variants were initially mixed with a fully formulated SAE OW-
20 engine oil and tribologically evaluated using reciprocating sliding tests at 40 and 120 °C and
Hertzian pressure up to 1.2 GPa when both variants presented friction reduction. Then, the GNP
additive variant with better performance was evaluated in a vehicle emission test using a fully
formulated 5W-20 SAE oil as a reference. The addition of 0.1% of GNP reduced fuel consumption by
2.6% in Urban conditions and 0.8% in Highway ones. The urban test cycle was the FTP75 and higher
benefits of the GNP additive occurred especially on test start, when the engine and oil are still cold
and on test portions where the vehicle speed is lower.

Keywords: graphene; friction; fuel economy; viscosity

1. Introduction

The search for reducing fuel consumption and CO2 emission has led to continuous efforts for
reducing the mechanical losses caused by friction. For combustion engines, lower viscosity oils are
being introduced to reduce engine-dominant hydrodynamic friction losses but with the risk of
increasing boundary friction [1,2]. To protect engine parts against potential damage related to metal-
to-metal contact, due to the increasing trend in reducing oil viscosity, some lubricant formulation
strategies are applied. These initiatives include introducing the right type of friction modifier,
choosing high viscosity index base oils and selecting efficient viscosity index improvers based on
olefin copolymers to minimize shear thinning, as demonstrated in previous works [3-6].

On [5] different types of FM additives (MoDTC, three variants based on ester polymer and an
Amine based one) were tested in TE-77 rotational and floating liner reciprocating testers. The tested
MoDTC additive provided the highest reductions in friction force and friction losses. Combining
those efforts with engine adaptations to operate in the presence of ultra-low viscosity oils, results of
fuel economy at homologation test cycles may reach values up to 5.5% depending on the baseline oil
of a given engine, as shown in [7,8].
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More recently, nanoparticles are being investigated as lubricant additives. Spikes [9] has
mentioned five potential advantages of using nanoparticles as lubricant additives: (1) insolubility in
nonpolar base oils; (2) low reactivity with other additives in the lubricant; (3) high possibility of film
formation on many different types of surfaces; (4) more durability; and (5) high nonvolatility to
withstand high temperatures. Different elements have being investigated as nanoparticles, including
metals, ceramics, chalcogenides, MXenes and carbon-based materials [9-16]. Lubricants with
nanoparticles are also called “Nanolubricants”, with the nanoparticles acting as anti-wear or friction
modifier. However, these solutions usually require the use of dispersants and surfactants to
functionalize the nanoparticles as oil additive. [11,13,14]. Carbon-based nano materials include
Carbon dots, Carbon Nanotubes (CNT), Graphene, Graphene Oxide and others [13,14]. Graphene-
based materials, due to unique properties such as low shear resistance, high stiffness, and thermal
conductivity, are attractive materials for tribological applications, including improvement on the
properties of lubricants. [13,14]. The exact mechanism that improves the tribological performance is
still being investigated and probably more than one occurs on actual applications. Figure 1
summarizes the main potential tribological mechanisms of nanoparticles. Graphene and other
nanosheets may also work as viscous modifier, see discussion on [13].
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Figure 1. Graphene’s tribological mechanisms. (a) Typical FM tribofilm (b) Surface filling and mending (c)
Polishing effect (d) nano roller bearings (e) Hydrodynamics at (1) low shear rate, (2) high shear rate. (f) Thermal

effects (g) Superlubricity, incommensurable contact. Reproduced from [9].

Synergic or antagonistic mechanisms with other oil additives as well as with the materials in
contact may occur [17]. In summary, despite all the research already done, there are several
knowledge gaps about the use of nanoparticles as lubricant additives. Especially for engine oils, it
appears mandatory to test fully formulated oils and test on actual applications. Following the steps
of formulation and initial characterization of a given engine oil, the evaluation of the tribological
behavior usually starts with laboratory tests [5,6]. Despite the importance that these initial tests have,
it is frequently difficult to evaluate how much a difference in coefficient of friction in laboratory
represents in terms of the overall performance of real engines, for example in terms of fuel
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consumption. Factors that contribute to these difficulties include: i) the relatively large fuel
consumption dispersion on actual vehicle tests ii) the impact on the efficiency of other energy losses
(e.g. thermal) [8] and iii) the diversity of tribological systems inside an engine, each one with specific
tribological conditions including lubrication regimes that can vary from boundary to hydrodynamic
[2]. The use of laboratory data as inputs to numerical simulations of an engine, or of a specific system
within, may help to bridge the gap between laboratory and engine tribological results [1,2].

This work aims to cover all the main steps mentioned in the paragraphs above. Two variations
of graphene-based additives of engine oil were developed and characterized. Laboratory lubricated
reciprocating sliding tests were then conducted with these oils, to evaluate the friction reduction
potential. Finally, the investigation was completed by vehicle tests to compare fuel consumption
when oils with or without the additive were used. Graphene-based materials, due to unique
properties such as low shear resistance, high stiffness, and thermal conductivity, are attractive
materials for tribological applications, including improvement on the properties of lubricants. [9,10].

2. Materials and Methods

2.1. Graphene Characterization

Graphene samples, after deposition as a powder over a conductive carbon adhesive tape, were
characterised by scanning electron microscopy (SEM) using a Hitachi SUS000 model. Raman
spectroscopy was used to characterize the structure of the samples using an Oxford Instruments
(Ulm, Germany) Witec Alpha 300 RA equipment with a 532 nm laser. A typical Raman spectrum of
graphene has three main bands that describe the crystalline quality of the material and stacking
characteristics, such as the number of coupled interlayers. The D band, located at 1350 cm™, is
activated by the disorder generated at 1580 cm™, caused by stretching the C-C covalent bonds
common in all carbon systems with sp2 hybridization. The 2D band, located at approximately 2700
cm!, is the over-tone of the D band, with two transverse optical phonons.

Raman spectra were the inputs of an improved version of the protocol described in [18] to
quantify crystalline defects and the number of graphene-coupled interlayers (see Table 1 and Figures
2 and 3). The GNP has on average 9 layers and a lateral size of 71.1 nm. The diagram (b) in the figure
2 was proposed by Silva et al [18] and analyzes the crystalline structure of graphene, considering the
crystallite size and the distance between point defects as a function of the G band width, and the ratio
of the areas of the D and G bands multiplied by the laser energy used for the measurement to the
fourth power. In the diagram, the values of larger crystallite size and greater distance between point
defects (which would define fewer defective samples) are in the lower left corner of the diagram. As
the defects in the structure increase, the position in the diagram shifts upwards and to the right. Thus,
it is possible to observe that the graphene used in this work has a preserved crystalline structure,
with low defect density. Under higher magnification SEM, it is possible to notice that its sheets are
aggregated in a spherical manner (Figure 4).

Table 1. GNP characterization.

Characteristic Unit Mean Q90
Number of layers - <N>2D (nm) - 9 11
Surface density of point defects - nD 1olﬂzcm- 2.8 2
Lateral size - La nm 71.1 99.4
D to G peak intensity ratio (In/Ic) 0.28 0.44

Percentile of volume-based particle size distribution 9.6 (Dso) 19.3 (D9o)
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Figure 2. (a) Characteristic Raman spectrum. (b) Scatter plot with the frequency distributions of the G-band full-

width at half-max (I'G) and the ratio between the integrated areas of the D and G bands (AD/AG) multiplied by
the fourth power. (c) Layers Distribution.
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Figure 4. GNP scanning electron microscopy - SEM photos with crescent zooms.

2.2. Booster with Graphene

To ensure effective interaction between graphene and lubricants, a molecule featuring a highly
reactive cyclic group and an oxygen functional group was used to functionalise the graphene
powders (samples L66_1 and L66_2). This functionalization process was followed by treatment with
an organic long-chain compound to enhance compatibility with the lubricant matrix. Both samples
underwent advanced preparation methods tailored to optimize their performance in lubrication
systems.

L66_1 was produced on an industrial scale using a high-energy mixing process, yielding a
concentrated formulation with approximately 38% graphene nanoplatelets (GNP). L66_2, on the
other hand, followed the same preparation method as L66_1 but incorporated an additional
exfoliation step through purely shear mixing. This extra step was introduced to further reduce
graphene aggregation, resulting in a more homogenous dispersion. The effectiveness of this
modification was evidenced by a notable decrease in the viscosity of L66_2, see Figure 5.



6 of 14

—a—L 66 1
2.5x10° — =
. e L 66 2
2.0x10°
o
G
>
B 1.5x10° -
Q
(8}
@
S
1.0x10°
5.0x10°
0.0 T T T T T T T T . I
0 20 40 60 80 100

Velocity (rpm)
Figure 5. Viscosity of the additives L66_1 and L66_2.

The specific substances and techniques employed for graphene functionalization and mixing are
proprietary and cannot be disclosed.

2.3. Reciprocating Friction Tests

For the tribological tests, the additives L66_1 and L66_2 were mixed with a fully formulated oil,
SAE OW-20 SN. To mix the GNP additives, the oil was heated to 40°C and the GNP mass required to
achieve a 0.2 w/w% concentration was weighed on an analytical scale. The additive was then added
to the warmed oil. The mixture was first stirred manually with a glass rod and then placed in an
ultrasonic bath for 45 minutes. After this period, no sediment was observed. The mixture was stored,
and photographs were taken as a function of time, as presented in Figure 6. Immediately after mixing
(as new), and after 10 days, the dispersion remained visually stable. However, after 20 days, some
sedimentation of the additive was observed at the bottom. The dispersion could easily be restored by
gentle shaking and a brief ultrasonic bath treatment.

Figure 6. L66_1 on 0W20 (a) as new, (b) after 10 days (c) after 20 days,.
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Tribological tests were conducted using an SRV tribometer (Optimol, Germany). This test
involved the reciprocating sliding of a ball against the flat surface of a 24 mm diameter AISI H13 steel
disc specimen. To ensure consistent roughness across all tests, the disc was polished, with the final
polishing stage performed using a paste containing 1 um diamond particles. After polishing, the
surface roughness (Sa) was measured using a 3D laser interferometer. The ball was made of AISI
52100 steel, presenting a diameter of 10 mm. See Table 2.

Table 2. SRV sample parameters.

Young
Diameter Hardness Poisson Roughness
Sample Material Modulus
(mm) (Hv) Ratio Sa (um)
(GPa)
Ball 10 AISI 52100 813+6 210 0.3 0.042 +0.004
Disc 24 AISIH13 615 210 0.3 0.012 +0.002

Tribological tests were conducted in triplicate. Each repetition followed the procedure detailed
in Table 3. Each repetition lasted 105 minutes, divided into steps of 15 minutes each. Five drops of oil
were applied at each test start, covering the entire disc surface. After each test, residual oil was
observed on the surface, indicating consistent lubrication throughout the test.

Table 3. Tribological test procedure.

Parameter Unit

Temperature °C 40 120

Load N 20 5 5 20 5
Max. Hertzian Pressure GPa 1.2 0.5 0.5 1.1 0.5
Stroke mm 5

Frequency Hz 5

Duration min/per step 15

2.4. Vehicle Emission Tests

Vehicle tests were part of a larger test program comparing different lubricants and the GNP was
added to a fully formulated 5W-20 oil. After the tests with SAE 5W-20 reference oil for the vehicle
emission test, the engine was started and ran until the oil temperature reached the operation value,
90 °C. The engine was stopped and 500 ml of oil was removed. From these, 250 ml was kept as
a sample after the test and the other 250 ml, while still hot, was used to disperse the graphene
additive. The mix was conducted only manually with the help of a “spoon”!. Then the 250 ml plus
additive was returned to the engine. The engine was completed with a volume of new oil considering
the small amount of additive to ensure that the test sequence started with the same volume as with
the reference oil. The engine was again restarted and run for a few minutes before being conditioned
(“soaking period”) according to the test procedure standard. Brazil uses the so-called flex fuel and
Brazilian standards (NBR) define fuel consumption in liters per 100 km, calculated from the balance
of Carbon in the emissions to calculate the fuel mass converted to volume using the density of the
test fuel.

The experimental emissions tests were performed with a large sport utility vehicle in an
emissions laboratory following a combined cycle over a chassis dyno, according to NBR7024 [19],

1 Such a simple mixing method was done to somehow mimic the expected application of the additive

as a booster, on a common workshop.
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composed of 55% in an urban cycle (FTP75) and 45% in a highway cycle. To better investigate the
influence of the GNP additive, the urban, FTP75, cycle was divided in three phases: Phl, Ph2 and
Ph3. See Figure 7 and table 4. Ph3 has an identical vehicle speed profile as Phl but as the engine, and
oil, are already hot, fuel consumption is significantly lower than on Phl. Due to the temperature on
the aftertreatment 3-way catalytic converter, almost all pollutant emissions occur on Phl. See
discussion on [13].

Phl Ph2 Ph3 Highway
100 100
90 90
< 80 T 80
E 70 E 7
§ 60 E 60
g 50 g 50
< 40 3 40
2 30 2 30
£ 20 < 2
10 10
0 0

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 0 200 400 600 800 1000 1200 1400 1600
Test time [s] Test time [s]

Figure 7. NBR7024 chassis emissions test. Ph1 to Ph3 are identical to the FTP75 emission test.

Table 4. Emission test cycle details.

Units Phl & 3 Ph2 Highway
Duration s 505 864 765
Distance km 5.78 6.21 16.45
Mean Velocity km/h 41.20 25.88 77.73
Max. Velocity km/h 91.2 55.2 96.56
Stops 6 13 None

The vehicle is equipped with a 4-cylinder, spark ignition, direct injection, turbocharged engine
coupled to a 6-gear automatic transmission by a torque converter. At least two tests were performed
with each lubricant version. The test uncertainties were compensated in terms of vehicle speed profile
and battery voltage based on ECU data measurements by ETAS Inca. The test compensation factors
were determined by 1-D numerical simulation with a vehicle mathematical model in a GT-Suite
v.2024 from Gamma Technologies. The test compensation is detailed in [21].

3. Results

3.1. Reciprocating Friction Tests

The data was analyzed using the "all data" file generated by the SRV software. This file records
CoF (Coefficient of Friction) data for one minute at intervals of 5 minutes, with measurements taken
every 1.9 x 10-° seconds during the recording minute. In this setup, each step consists of three such 5-
minute intervals, totaling 15 minutes of testing under specific conditions (e.g., load or temperature).
For each step, an average COF is calculated for the three individual measurements, and the overall
COoF for the step is determined as the average of these three values. Figure 8 presents the CoF results
for each step. Here, L66_1 and L66_2 refer to the dispersion of SAE OW-20 with the respective additive
variant.

Adding L66_1 and L66_2 decreased CoF compared to the reference oil, SAE 0W-20, under all
test conditions. The CoF values for L66_1 and L66_2 were similar; L66_2 presented lower CoF than
L66_1 in the first test steps, with the difference between the two additive variants reducing along the
test. It can be speculated that along the test the GNP exfoliated in fewer layers and also created a
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tribofilm in the surface. Such processes reduced the advantages of the more exfoliated and dispersed
L66_2 in comparison to the 66_1 while in others, L66_1 shows a slight advantage. The largest
difference between the L66 additives and the reference oil was observed in the test steps with 5N.
The error bars in Figure 8 reflect the variation of COF during a single stroke, superimposed on the
variations of COF throughout the strokes during the 15-minute evaluation period. Of these two
causes, variations during the strokes may be significant, as presented in Figure 9, which reflects
specific conditions at each contact point and the effect of the varying velocity during reciprocating
motion. The lowest values of COF were obtained near mid-stroke, where higher velocities lead
towards the hydrodynamic lubrication regime. Figure 7 also indicates a trend for larger error bars for
the tests conducted with the lower 5 N, which impacts the measurement precision of the friction load.

0.20
Reference
L66 1
L66 2
0.15 4

| 17D ﬁL il o f
§O.10— ﬂ}%

0.05 -

0.00

I ! I ! I ! I ! I
20N 40°C 5N 40°C 5N 120°C 20N 120°C 5N 120°C

Figure 8. Cycle average CoF.

Another way to analyze the tribological results is in terms of friction losses. The energy
dissipation due to the friction force is calculated through the force-displacement amplitude (F-D)
hysteresis loops for each cycle during the test. Figure 9 shows one typical example of each lubricant
variant and test step. Figure 10 shows the average results. As for the CoF, L66_2 presented a slight
advantage compared to L66_1 in most of the test steps.
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Figure 9. Friction force-displacement curves for the steps with 20N of applied load. (a-b), reference oil 0OW-20m
(c—d) with L66_1, (e—f) with L66_2.
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Figure 10. Dissipated Energy on the reciprocating tests.

3.2-. Fuel Consumption

As mentioned before, fuel consumption was measured by using the Carbon balance and
converted to Liters per 100 km. To allow more detailed analysis, the FTP75 cycle was divided into
three phases. Phase Ph1 and Ph3 have identical speed profiles, but Phl starts with the engine at room
temperature, so oil viscosity is significantly higher than on Ph3. For this reason and to normal
combustion issues, fuel consumption is also significantly higher on Ph1 than on Ph3. Figure 11 shows
the delta fuel consumption (difference with respect to the consumption using the reference oil) in
each of the three FTP75 phases, as well as the accumulated one, the one on Highway cycle and the
NBR7024 that is composed of 55% of the FTP75 and 45% of the highway values. Compared with the
5W-20 reference oil, tests with additive presented a fuel saving of 2.6% on the FTP75, and 0.8% on the
highway with the combined NBR2524 standard of 1.9% fuel saving. Figure 10 shows the range
obtained with the minimum and average compensations described in [28]. The values in the plot refer
to the ones with the average compensation.
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Figure 11. Delta fuel consumption with the L66_2, 0.1% GNP on the different test steps.

4. Discussion

Paying attention to Figure 11, it can be observed that, as expected, fuel-saving reductions with
the GNP additive were more significant on the Phl and Ph2 phases, where friction losses have more
impact on fuel consumption. Internal combustion engines present several lubricated systems, which
vary in terms of the predominant lubrication regime. In part of the systems, such as in cam-follower,
the boundary lubrication may prevail, while in journal bearings hydrodynamic lubrication is
expected to be the most important. Thus, the decrease in fuel consumption with the use of the GNP
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additives can be due to both boundary and hydrodynamic effects. Besides, graphene additives have
shown the potential of increasing the lubricant conductivity. On the conducted tests, the oil with GNP
additive showed a slighter quicker temperature drop during the vehicle stop interval between the
cold and hot phases. See Figure 12. Such behavior suggests that the addition of graphene increased
the oil thermal conductivity as seen by other authors. Algahtani [23] obtained a 20% increase in
thermal conductivity on a SAE 5W-30 with a concentration of 0.09 wt% of graphene. A similar
increase of thermal conductivity was seen on [24,25]. In the vehicle test described in this work, the oil
with GNP started the hot phase approximately 2°C cooler. The impact on viscosity is negligible, but
such an increase in thermal conductivity could be beneficial in terms of wear and on applications
such Electrical Vehicles [26] and rolling bearings [24,27].
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Figure 12. Oil temperature along the test.

5. Conclusions

The use of Graphene nanoplatelets, with an average of 9 layers, after functionalization to work
as a lubricant additive, reduced both CoF and friction losses on a reciprocating test. Specifically at
the more severe test condition, of 40N and 120 °C, the L66_2 additive reduced the CoF and the Energy
losses in 5% and 8%, respectively, in comparison with the reference oil, a fully formulated SAE OW-
20.

On vehicle emission tests, adding 0.1% w/w of GNP on a fully formulated 5W-20 SAE oil
reduced fuel consumption by 2.6% in the FTP-75 cycle and 0.8% in the Highway, resulting in 1.9% in
the combined cycle.

The conducted work showed promising fuel savings on SI engines under vehicle emission tests.
This work is part of a larger project where durability and additive degradation are key factors.
Additive selection is especially important for Diesel engines, where MoDTC is not used because it
causes clogging in the Diesel Particulate Filter (DPF). As with other friction modifier additives, the
benefits of using GNP are expected to be higher on oils with ultra-low viscosity.
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