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The need for energy efficiency is leading to the growing use of additives to enhance the performance of oil
in automotive engines. Great interest is focused on nano-additives even if to date there is still no practical
use in commercial liquid lubricants. Herein, the potential of industrially scalable and low-cost graphene-
related materials (GRMs) as additives to enhance the performance of oil in automotive engines is
explored. The use of polyalkylmethacrylate dispersants, the most common key additives to formulate
“green technology” lubricant oils liquid-processed GRM, is explored, investigating the role of the lateral
size and the chemical analysis in the stability of the lubricant GRM dispersions. Showing the maximum
duration of stability and a production method that avoids the use of strong oxidants, rheological tests
were then focused on multilayered graphene flakes with sub-micrometre lateral size mixed in two
commercial oil grades (5W-30 and 5W-40) under conditions similar to those of engine operation. The

addition of such a filler increases the viscosity without affecting the Newtonian fluid behavior, while
Received 29th March 2024 four-ball test h ducti . indicati . d lubricati . Finall
Accepted 27th May 2024 our-ball tests show a reduction in wear, indicating improved lubrication performance. Finally,

preliminary bench-test on a commercial car engine showed increased power output corresponding to

DOI: 10.1039/d4ra02406k enhanced engine efficiency. The results clearly indicate the effective improvement in lubricating

Open Access Article. Published on 11 June 2024. Downloaded on 12/26/2025 2:12:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

Introduction

Research interest in the impact of transportation on global
warming has surged in response to escalating concerns
regarding climate change. In 2017, the transportation sector
accounted for 30.8% of European energy consumption." To
mitigate its effects, various strategies have been explored,
including optimizing logistic networks, utilizing alternative
fuels (e.g., hydrogen and electric cars), and improving fuel
efficiency in conventional vehicles. Friction, responsible for 4-
15% of energy losses in car engines, presents a tribology-based
challenge that has been investigated for years.>

Lubricating oils, produced from mineral or synthetic sour-
ces, are commonly employed to protect vehicle engines against
wear. Most commercial oils are formulated with additives to
enhance properties such as lifetime, operational stability,
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commercial oils due to GRM additives.

viscosity, and lubrication performance. Dialkyl dithiophos-
phate (ZDDP) is one of the most used additive, considered the
best choice due to its exceptional tribological performance.**
However, the working conditions within the internal combus-
tion engine may lead to the degradation of the additive, with the
consequent release of sulfur and phosphorus by-products. It is
therefore mandatory to explore alternative solutions that
combine performances with chemical stability and environ-
mental concerns.

In recent years, special attention has been paid to the anal-
ysis and development of nanomaterials as lubricant additives:
their characteristic size, indeed, allows substantial reductions
in the friction and wear volume, making them promising
alternatives to conventional systems. These nanoadditives can
be classified into three main groups depending on their
chemical nature: (i) carbon allotropes and derivatives (graphene
related materials - GRM*>*® and carbon nanotubes - CNT***%),
(ii) inorganic oxide nanoparticles (i.e., ZnO, MgO, CuO and
TiO,), and (iii) transition metal dichalcogenides (e.g., M0S,)."* A
further useful approach is to classify them based on the
morphology (structure) and their number of dimensions; for
example, GRM and MoS, are 2D materials, CNTs are 1D, while
nanoparticles can be considered as 0D at the micrometre scale.

The main research efforts have been focused on developing
hybrid systems combining CNT by chemical vapor deposition

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(CVD) and oxide nanoparticles,"*>'*1¢2° Jeading to a significant
decrease in the coefficient of friction (COF) up to 32%. Defined
as the ratio between the resistive friction force (F;) by the normal
force (N) that pushes on the objects (COF = F,/N), the value
reduced from 0.064 for pristine oil to 0.043, showing the
enhanced lubricating properties at low COF. Generally, COF for
lubricating oil ranges between 0.025 and 0.4.>** However, the
production scale-up of such nanomaterials still remains one of
the major challenges.

GRMs have emerged as effective lubricant additives due to
their low shear resistance between the layer structure, suitable
size to enter the contact areas, coupled with good thermal
conductivity to dissipate the heat generated during the friction
process.”®*” Several different effective ways have been developed
to ensure a stable dispersion of GRM in various base lubricants,
and they can be summarized in three different strategies: (i)
GRM morphological tuning (ie., size decrease, increase in
surface area), (i) GRM chemical modification, and (iii) use of
dispersants.

Reducing the size of fillers is one of the most common
processes to achieve uniform dispersion and to reduce the
problem of particulates that can block filters.** However, GRMs
can aggregate to form mesoporous micro-sized structures with
a large surface area by increasing the interaction with the oil.
Dou et al. reported novel crumpled graphene balls as effective
lubricant additives in poly(a-olefin) lubricant 0il.?* Despite their
compact appearance, such GRM have a great deal of free volume
and solvent-accessible surface area inside, making them an
effective absorber of oil, which is released upon compression,
ensuring the uninterrupted wetting of the contact area.

Chemical modification is a further approach to improve the
dispersivity of GRM by tuning the interaction between the filler
and the oil. Lin et al. made use of stearic and oleic acids to graft
alkylene chains onto graphene platelets via a cyclic heating
technique to enhance the dispersion stability of GRM within the
base oil employed, leading to only a minimal precipitation after
3 hours.*® Furthermore, COF of the base oil with 0.075 wt%
modified graphene gave 0.12, showing a decrease of about 1/3
compared to that of the pure base oil.

Graphene oxide deserves a special and more detailed
mention (GO), being the most common chemically-modified
GRM. GO is purely a 2D material, one-atom thick, and it
consists of a patchwork of graphene lattice comprising oxygen-
containing defects,** allowing high processability and stability
in green solvent suspensions as well as making the material an
ideal platform for supramolecular and covalent chemical
functionalization.?»*® GO is attracting growing increasing
interest both from customers and companies in a wide range of
applicative fields, including energy storage, corrosion protec-
tion, speaker membranes, water filtration and advanced mate-
rial composites, with an expected compound annual growth
rate (CAGR) of 46% projected from 2022 to 2030.** On adding to
commercial SAE 20W-50 engine oil, a COF value of 0.057 was
reached.*

The use of dispersants is one of the most widely used strat-
egies in automotive lubricants with the main function of
keeping the equipment clean. Moreover, in addition to
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preventing sludge, deposits, and varnishes, dispersants can also
be used to tune the coefficients of friction, extreme pressure,
and anti-wear performance in transmission fluids.*® The use of
additives can be an effective approach that does not use
hazardous chemicals and avoiding issues relating to their
disposal, which can be expensive and not very eco-friendly. In
the case of GRM, the use of a dispersant also allows the
improvement of the dispersion stability in the case of slightly
oxidized materials and, in principle, for the overall class of
carbon-based materials, such as micrographites and graphene
flakes (GF).*”” Such systems are thus layered materials, not
purely 2D, with thicknesses that can reach up to 20-30 nm in
the case of GF, and a corresponding interface area with the
lubricant lower than that of GO.

Common bottlenecks for the commercial use of GRM and
other nanomaterials are related to environmental aspects and
the cost, which is still high for the mass-market. Such issues are
often correlated. This is a highly limiting aspect for GO in
particular as its most effective production is based on func-
tional oxidation (Hummers' methods)**** that makes use of
strong acids and oxidants with the possible release of toxic
gases and contamination of wastewater formed during the
process of synthesis and purification of the material.** Such
methods still represent one of the main factors limiting the
large-scale use of GO, although newer processes have been
proved to be safer, more environment-friendly and more scal-
able.*»* Conversely, micrographites and GF are typically
produced by the mechanical exfoliation of graphite, either
powder milling, grinding or in liquid phase, industrially scal-
able techniques that may not require severe chemical
processing.**¢ Conventional lubricants are subject to a rather
high price sensitivity (1-2 USD per L), and the lubricant addi-
tives cost about 2-3 USD per kg.*” Currently, the cost of indus-
trial grade GF ranges within 50-75 USD per kg for commercial
volumes (tonnage) and up to 15 USD per kg for small quantities,
while GO is produced with the most cost-effective methods at
2000 USD per kg.***° However, the price pressure could be so
high for mass markets, and two main aspects encourage the use
of GRMs, or at least some of them: (i) the additive loading can
be reduced through the use of GRM (typical loadings are
between 0.5 and 30%) and (ii) GRM prices over the years have
dropped rapidly and research progress on new and cheaper
methods to produce such materials emerges every year due to
the increase in market demand. A further important aspect to
be considered, not addressed in this article, is related to the
systemic cost balance (e.g., lower total maintenance and/or
energy costs), such as higher performance and a more durable
lubricant, for example, which needs to be changed less often,
allowing for a longer life price.

Herein, we studied blends based on all commercial compo-
nents: GRM powders suspended in 5W-30 and 5W-40 oil using
polyalkylmethacrylates (PAMA), one of the key additives to
formulate lubricant oils, particularly in the area of ‘green
technology’-based additives. The use of a dispersant is crucial as
GRMs do not suspend in such oils. In the first part, we compare
GRM powders characterized by different morphologies and
chemical properties and produced by different methods. The
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GRMs are mixed with commercial oil suspensions with
dispersants, and their physical morphology and particle sedi-
mentation stability are studied. Thickness and lateral size are
monitored by scanning electron microscopy (SEM) and atomic
force microscopy (AFM) techniques. The combined use of both
techniques allows to investigate thousands of nano-materials
and the direct measurement of nanoflake thicknesses. Such
dimensional characteristics of graphene and GO nanosheets
may be crucial for their effect on the resulting macroscopic
properties of the oil-GRM mixture. Moreover, the elemental
analysis is provided by X-ray Photoelectron Spectroscopy (XPS),
as described in detail.** The stability of the GRM in oil over time
is studied through sedimentation and filter agglomeration. In
the following part, due to the applicability point of view of this
work, the GRM-oil systems, which were stable from an indus-
trial point of view, were selected, and tribology and wear
protection were studied. Viscosity tests were performed to
assess the tribological changes obtained by the addition of
GRM. The wear prevention mediated by oil lubrication is eval-
uated using the four-ball method. Based on the comprehensive
tribological characterization, a specific formulation of GRM-oil
has been chosen to investigate its thermal properties and power
output performance. This selection is based on its notable
feature of combining long-term stability and exhibiting
minimal viscosity variation as compared to the original speci-
fications set by the manufacturer. The thermal conductivity
impact of GRMs was quantified by the transient hot wire (THW)
method. Lastly, preliminary bench-test and engine performance
test were performed using a commercial car.

Results and discussion
GRM analysis and stability in nanolubricants

Commercial GRM powders produced top-down chemical or
physical approaches, such as liquid phase exfoliation, thermal
expansion and mechanical exfoliation, which often show
a heterogeneous dispersion of the flakes with different lateral
size ranging to few nm up to tens of microns, thickness from
single atom thick to tens on nanometer, and the presence of
defects and oxidized groups improves their dispersion in
solvents.”® We analyzed commercial GRM powders such as
graphene flakes XGS-C produced by XG-Science and IND25
purchased from Graphene-XT (IND25) and graphene oxide
(marked as GO1) produced by Graphenea. The latter was also
sonicated to tune the lateral dimensions and marked as GO2.
The graphene flakes are all-carbon material (oxygen content <
1 wt%), while GO nanosheets show C/O ratio = 1.5 (oxygen
content = 40 wt%). The representative SEM images of the four

View Article Online

Paper

materials are illustrated in Fig. S1.7 At the mesoscopic scale, all
the four GRM show quite a large aspect ratio (lateral size/
thickness > 100) with maximum thicknesses of 20 nm. Such
value is at least one order of magnitude lower than the typical
roughness of the engine surfaces and as well as of the instru-
mentation used for tribological tests. Thus, in the first
approximation, we can assume that the studied GRM are
deposited planarly on such surfaces.

Size and height analysis was performed using percentiles:
the average size Ds, is defined as the median of the sample and
the size range between D,;, and Dy, therefore including the
most representative 80% fraction of the sample. The corre-
sponding statistical height distribution analysis is reported in
Fig. S27 (more details are reported in a previous work).>> All the
distributions are reported in Fig. S3.7 All the results are
summarized in Table 1. XGS-C shows quite a broad size distri-
bution (Dso = 14 pm in the range within 6 and 38 um), with
average thickness D5, = 7 nm (corresponding to a stack of 18
single nanosheets) in the range between 5 nm and 12 nm.

Such results agree with those already reported in a previous
work.*® The aspect ratio is larger than 10°. Differently, IND25
shows a lower aspect ratio (ca. 2 x 10%) with sub-micrometric
lateral size (Dso = 300 nm in the range within 50 and 800
nm), suffering typical flake fragmentation with a thickness
ranging between 4 nm and 19 nm (corresponding to ca. 10-48
layers). Differently, GO is 1 nm thick while the size is tuned in
water suspension via sonication for 5 min and 2 hours,
respectively, and after deposited on a flat substrate (Fig. 1).
Increasing the sonication time, the average lateral dimension
decreases from 20 um to 300 nm and the distribution shrinks as
well, e.g., the large nanosheets (Dqy) pass from 55 pm to 0.7 um,
as previously reported.>

All the four GRMs are dispersed in polyalkylmethacrylates
(PAMA) and then admixed with commercial oil 5W-30 and 5W-
40. The choice of the relative concentrations of the three
components must take into account that we are using
commercial products as well as their cost effectiveness. PAMA is
commonly used to increase the viscosity, and the use of large
quantities may compromise the performance of the additivated
nanolubricant, the actual cost of which mainly depends on the
quantity of GRM added. In the case of SAE 5W oils, the quantity
of PAMA does not exceed 10 wt% of the total weight.>®

Thus, we fixed the content of oil at 95 wt% and increased the
amount of IND25 from 0.125 to 1.100 wt%, monitoring
a suspension diluted in base 0il 293.5 : 1 by UV-vis spectroscopy
at A = 550 nm for 3 months. By adding GRM content up to
0.5 wt% of the total, the amount that remains in the suspension
is greater than 99%. Higher concentrations of the GRM filler

Table 1 Physical properties of GRM and stability in oil : dispersant: GRM [95:4.5: 0.5 wt%] suspension

Sample Lateral size (um) Thickness (nm) Oxygen (Wt%) Stability after 9 months
XGS-C 6; 14; 38 5;7; 12 <1 Not stable/partial precipitation
IND25 0.1; 0.3; 0.8 4; 105 19 <1 Stable/no sedimentation
GO1 5; 20; 55 1 40 Not stable/partial precipitation
GO2 0.1; 0.3; 0.7 1 40 Stable/no sedimentation
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Fig.1 (a) AFM images of the four GRMs on silicon substrate. Z-Range:
(XGS-C) 50 nm, (IND25) 20 nm, (GO1) 2 nm and (GO2) 2 nm. (b) Picture
of the 5W-30 oil : dispersant : GRM blend suspension after 9 months of
preservation in air at room temperature (20 °C) and atmospheric
pressure.

lead to a significant increase of the precipitated solid fraction.
Then, we decided to work under conditions that maximize the
quantities of graphene without appreciable residues (<1 wt%),
corresponding to the oil: PAMA:GRM blend with relative
concentrations (95:4.5:0.5 wt%). Oil suspensions were
dispensed into 20 mL vials, which were then sealed with regular
plastic caps and stored under ambient room conditions for nine
months to investigate the potential precipitation of agglomer-
ates. The vials were consistently maintained at an average
temperature of 20 °C, exposed to atmospheric air conditions
without any preservation using Ar or N,, aiming to simulate
warehouse storage conditions. A first evaluation is made by
visual observation as the precipitation of the flakes leads to an
appreciable increase in the transparency of the GRM-added
nanolubricants. As depicted in Fig. 1b, no sedimentation was
observed after 9 months using IND25 and GO2 as additive in
5W-30 oil, unlike XGS-C and GO1, for which instead an appre-
ciable sedimentation is observed, as confirmed filtering the
suspensions with a commercial 7 um filter used in engines oil
recirculation (Bosch OF93, F026408893). Only, IND25 and GO2
present a complete absence of any agglomerates deposited on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the filter. Similar results are observed in the case of 5W-40
lubricant, as reported in Fig. S4.f

Relevantly, only sub-micrometer GRMs form stable suspen-
sion, regardless of their chemical properties, and the defec-
tiveness of GRMs also does not appear to play an effective role.
Such results strongly indicate that the lateral size of the GRM
additive affects the stability of the suspension either dynamic or
static. Larger nanoflakes (XGS-C and GO1) form micrometre
agglomerates that tend to block the micrometer pores of the
filter. Moreover, sub-micron lateral size and large aspect ratio of
the nanoflakes prove advantageous in the context of lubricant
application as it enhances both the storage stability of the
GRM-oil suspension and mitigates the possibility of filter
blockage during recirculation. Therefore, IND25 results are
considered as the most suitable candidate in the envisaged
application as (i) it forms a stable dispersion in commercial oil
comparable to the expected life of the lubricant mixture, and (ii)
it is produced using a scalable process avoiding the use of
strong oxidants.

Viscosity test (rheology)

We investigate the rheological properties of the blend
comparing two commercial oils (5W-30 and 5W-40) additivated
by GRMs and dispersant using the relative concentrations dis-
cussed above, under conditions similar to those of engine
operation. Using a rotational rheometer, we monitor the blend
viscosity as function of shear rate (range 1-1000 s ') and
temperature from 25 to 145 °C, aiming to span from room
conditions to those related to the application. Fig. 2a-d show

a) I ' T:25°Cv oo-b) T=65C A

SRR U U Vv v e veergrarar A B o -
VLT Seo AR AR A AT A AR A A A A AP EEEY
.

Viscosity (mPa-s)

140 fooo00000 00000«

Viscosity (mPa's)

A AR AR AN AN AN AR AN AARARAR AP pome]

oseeret st LT [esessossosssssssssssostososessses
ul ]

b0-0-00.0-000-00000-0000000CCOCCCOCOT0O

0000000000OOCO0OOCOOOOCC0000000]

utc) T=105°C T=145C

P o R SRR SR

P NP SR cor e P e SO ve oS

Viscosity (mPa-s)

. 0000
00000000

0000000000000 4

10 100 1000 10 100 1000

Shear rate (s”) Shear rate (s™)

35 5W-30 5W-30
=5w40
2 —@— oi:PAMAIND25
§ of
H —/— PAMA:IND25
3 —O— pure oil
s
2 5W-40
&

—@— oi:PAMAIND25
—<7— PAMA:IND25
—O— pure oil

65 105

Temperature (°C)

Fig. 2 Lubricant viscosity as a function of the shear rate measured at
different temperatures: (a) 25 °C, (b) 65 °C, (c) 105 °C and (d) 145 °C.
Pristine oils (open circle), oil: PAMA (triangle) and oil: PAMA: IND25
(filled circle) for both 5W-30 (blue) and 5W-40 oils (red). (e) Corre-
sponding variation of the mean viscosity values at different
temperatures.
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the measurements performed with: 5W-30 (blue) and 5W-40
(red), comparing the behavior of bare oil (open circle), after
adding PAMA (open triangle) and the final blends (filled circle).
All curves show that the lubricants can all be considered as
Newtonian fluids and the slight deviations observed at small
shear rates may be considered within the experimental uncer-
tainty due to the low viscosity measured. As expected, viscosity
increases adding of PAMA dispersant and decreases as the
temperature increases, following an exponential trend with the
temperature reciprocal.”® The addition of IND25 leads to a slight
decrease in viscosity (<5%) with respect to oil : PAMA. Such an
effect is typically ascribed to the self-assembly of GRM flakes.*®

In general, the viscosity of the blend is always higher than
the viscosity of the pure oil. In the temperature range between
25 °C and 145 °C, the increase ranges from 35% to 15% in the
case of 5W-40 and from about 20% to 10% in the case of 5W-30,
as depicted in Fig. 2e. In all the cases, such values lie within the
commercial viscosity range for engine lubricating oils.”” For
instance, the kinematic viscosity range for 5W-30 and 5W-40 at
100 °C are 7.45 to 10.01 and 10.01 to 13.11 mPa s, respectively.
Therefore, both oils present suitable viscosities inside the SAE
standard framework. The measured viscosity follows the well-
known exponential behavior with the temperature reciprocal
for all the oils inspected, thus allowing us to readily evaluate the
values at any temperature.

Friction and wear tests

We investigated the anti-wear properties of lubricating oils by
measuring the wear scar diameter (WSD) after the four-ball test.
Normally, the smaller the wear scar diameter, the better the
lubricity of the oil lubricant (see Fig. S5 and Table S17).

Fig. 3a depicts the WSD measured on pure 5W-30 and 5W-40
oils and the corresponding blends. In general, the 5W-30-based
lubricants show lower WSD values. In the case of pure oils, the
WSD amount were measured to be 470 + 20 pm and 500 + 10
pm for 5W-30 and 5W-40, respectively. Similarly, in the case of
the corresponding blends, blends the measured WSD decreases
to 440 + 20 um and 460 + 10 um, corresponding to relative
variations of 6-8%, without significant differences between the
two oil blends in scratch reduction. The decrease in the wear
clearly indicates that the addition of IND25 to the oil provides

0115

b) sw-30

a
520 5W-30 5W-40 0.110

0.105

w
o]
© 0100

Wear scar diameter (um)

0085 ’
— pureoil

—— blend

0.090
400 600 800 1000 1200 1400 1600 1800

Time (s)

pure oil blend

pure oil blend

Fig. 3 (a) Wear scar diameters (n = 5) resulting from the 4-ball test
method comparing pure 5W-30 and 5W-40 oils with the corre-
sponding oil: PAMA: IND25 blends. Mean values and error bars are
calculated by the statistical analysis of five independent measure-
ments. (b) Coefficient of friction (COF) of pure 5W-30 oil and the
corresponding blend. Dashed lines are guide to the eyes.
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a more effective lubricating barrier in mechanical coupling.
Notably, the lowest WSD is achieved in the less viscous oil blend
(5W-30). Such experimental finding is interesting because it
allows to mitigate the heat generation, which is typically related
to viscosity. Typically, oils with lower viscosity values reduce
heat generation, allowing better performance compared to
more viscous oils. For this reason, we consider the 5W-30 based
blend, which shows suitable tribological performance and
viscosity values, for further analysis and a preliminary bench-
scale test.

The change in the viscosity of a lubricant can significantly
affects its tribological properties. Fig. 3b reports the behavior of
the coefficient of friction (COF) at the steady-state condition of
pure 5W-30 oil (blue line) and the corresponding blend (black
line). We did not observe significant changes in the absolute
value of the COF, which amounts to ca. 0.1. The main difference
concerns the better friction stability of the blend as the overall
COF is stable at 0.100 £ 0.002 in 1800 s of flow time, while in the
case of pure oil, the COF increases roughly linearly from 0.095
to 0.110. In general, the measured curves exhibit slight varia-
tions, likely due to the four balls’ vigorous spinning during the
friction process. The main lubrication mechanism of graphene
is derived from the formation of a tribo-film, which acts as
a protective layer between the metal pairs; thus, the COF does
not increase over time.*

Transient hot wire method (thermal conductivity)

A further relevant issue for the use of lubricating fluids is
related to their ability of dissipating heat, i.e., their thermal
conductivity. Therefore, we explore the effect of GRMs and the
dispersant in the lubricants on the thermal conductivity. The
PAMA additive and IND25 (ratio 9: 1) are dispersed in the base
5W-30 lubricant in increasing quantities for a more thorough
understanding. The « value obtained for the base oil was 138 £
1 mW m ' K, while no significant differences were observed
on adding PAMA up to 45 wt%, as the « value remained
constantly equal to 139 2 mW m ™~ ' K~ * (Fig. 4). The mean and
error bar values were calculated by a set of 10 independent
measurements. Since the thermal conductivity of graphene
flakes was 3-4 orders of magnitude larger than that of oil (e.g:, «
= 10° in 20 layers thick graphene flake®), adding very few % of
GRM can strongly affect the thermal property of the blend.
Thus, we monitored the thermal conductivity of the oil:
PAMA : IND25 at T = 20 °C, varying the IND25 quantity from 0.5
to 5 wt%, and fixing the blend PAMA : IND25 ratio as 9:1, as
discussed above. The measured « values increase with the
IND25 content, forming a S-shape trend, in good agreement
with the percolation threshold models commonly observed in
graphite : polymer composites.®® Flex point is achieved at 1 wt%
of IND25 and the asymptotic  value tends to ca. 1770 mW m™ "
K™ corresponding to a 20% increase with respect to the bare
lubricant. It is noteworthy to highlight that such an increase in
the conductivity, although significant, is much lower than the
values of the single filler, suggesting the capping role of PAMA
that prevents a direct percolation process between the indi-
vidual IND25 flakes. Although the increase in thermal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Thermal conductivity of the composite lubricant oil (5W-30) as
a function of IND25 graphene platelets and PAMA-dispersant content.
PAMA : oil data (blue dots) scatter around an average value (dash blue
line); the shadowed area width corresponds to twice the standard
deviation. Oil: PAMA:IND25 data (black dots) are fitted using
a percolation threshold model curve (dash-dot black curve).®° Vertical
red line indicates the working blend conditions.

conductivity is achieved at high concentrations of the filler, the
working blend (95 : 4.5 : 0.5 wt%, vertical dash red line in Fig. 4)
does not show a statistically relevant thermal conductivity
difference. Such experimental evidence suggests that the
observed improvement in the lubricating properties cannot be
attributed to improved thermal dissipation.

Preliminary bench-scale testing

Finally, we investigated the power enhancement in a more
realistic condition by means of a commercial car (Volkswagen
5P 1.6 TDI 115HP). Tests were performed comparing 5W-30 oil
and the corresponding blend oil : PAMA : IND25 characterized
above, diluting 250 mL of the blend in 5 L of 5W-30 oil. Fig. 5

100 -

80 -

pure oil blend

60
total

effective

heat loss =

—————— total
—————— effective
—————— heat loss

Power (HP)

40 -

20 1

1500 2000 2500 3000 3500 4000 4500

Speed (rpm)

Fig. 5 Power distributions as function of the rotational speed of pure
5W-30 oil (dashed lines) and 5W-30 : PAMA : IND25 blend (continuous
lines). Achieved curves: achieved total engine power (black lines), the
effective power transmitted to the wheels (red lines) and the heat
losses (blue lines).
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depicts the achieved total engine power (black lines), the
effective power transmitted to the wheels (red lines) and the
heat losses (blue lines) for both lubricants (dash and full lines,
respectively) as a function of rotational speed within the range
of 1500 and 4300 rpm. Both power output curves measured
using the lubricant blend were systematically larger than those
obtained using pure oil. The overall increases in the power
values amounted to 3 £ 1%, and the maximum power output
(Pv) increased from 115 + 1 HP to 118 + 1 HP.

Moreover, the Py value was reached at a lower speed (3361
instead of 3420 rpm).

All the values are reported in Table 2. Differently, the heat
losses curves do no present significant differences. The
mechanical energy (E) obtained from fuel combustion may be
described according to Payri et al.®* as

E =00 =nEV 1)

where 7 is the energy conversion yield, and egasotine and Viasoline
are the energy density and the volume of the gasoline,
respectively.

The used oil only affects the n parameter. Assuming the
energy conversion to be proportional to the maximum power
developed (Py), we obtained that the variation of the mechan-
ical energy is only ascribed to the energy conversion yields:
pRiendypRpre ol — yblend) pure oil 'mherefore, considering the same
mechanical energy produced using pure oil and blend and
considering eqn (1), we obtained the following equation.

blend
P M

pure
P M

J/pure nblend

J/blend - yppure - =103 (2)

The above corresponds to 3% of fuel saving at equal
mechanical performance when 5W-30:PAMA:IND25 blend
was added. Doing a rough calculation, every 30000 km,
a commercial car of the same type as the one we used needs an
oil change. Considering an average fuel consumption is 5.76
USD/100 km and a gasoline oil price of 1.85 USD per L, adding
IND25 : PAMA (2 USD per kg) to 5W-30 oil saved 44 USD per oil
change cycle for every oil change.®***

Experimental
GRM synthesis

Different approaches are used to produce GRM powders: liquid
phase exfoliation, thermal expansion of graphite followed by
physical mechanical exfoliation and modified Hummers'
method, followed by the reduction of GO under N, atmosphere.

Table 2 Performance parameters achieved on the bench-test for
pure 5W-30 oil and the lubricant blend

Max power (Py)

Lubricant (HP) Speed at Py (rpm)
5W-30 115+ 1 3420 £ 20
5W-30: PAMA : IND25 118+ 1 3360 £+ 10
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All methods were employed adopting the synthetic procedures
already reported in previous works.***

5 g of GRM powders were added to 500 mL aqueous solution
of 1 wt% sodium dodecylbenzenesulfonate, then the suspen-
sion was agitated and sonicated for 4 h (Fisher Scientific
FB15047 30 W 37 kHz). After centrifugation for 30 min at
3750 rpm, the supernatant was collected and filtered through
a cellulose filter. After centrifugation for 30 min at 3750 rpm,
the supernatant was collected and filtered through a cellulose
filter to collect XGS-C and DIN25 powders.

GO2 material was obtained by a commercial GO diluted
suspension in demineralized water after sonication for 2 hours
using an Elmasonic P70H ultrasonic cleaning unit.

GRM-oil preparation

All GRM powders were then mixed with a commercial poly-
alkylmethacrylates PAMA from Elrois MMC in order to promote
the dispersion of the nanoadditive to the lubricant oil. We
tested two different commercial oils with different SAE viscosity
grades (5W-30 and 5W-40). GRM and the dispersant were added
to the oils with a mass ratio of 0.5 wt% and 5 wt%, respectively,
while some additional blends were prepared ad hoc for some
stability and thermal conductivity tests. All the dispersions were
stirred for 30 min in order to homogenize the mixture. To
improve the mixing and ensuring good lubrification perfor-
mances, the oil dispersions are first processed in a three-roll
machine (Morandi, Italy) before their use (one single pass).

Characterization

The morphology of GRM powders was characterized combining
scanning electron microscopy (SEM) and atomic force micros-
copy (AFM). SEM images were acquired using a FEI Dual Beam
system (FIB-SEM) 235 with an electron beam (1 nm). AFM
images were obtained in the tapping mode employing
a commercial microscope (MultiMode Nanoscope 8a, Bruker).
The device was equipped with a J scanner calibrated using the
manufacturer's grating. Ultrasharp tips (RTESPA MPP-11120,
Silicon Cantilevers, Bruker, typical force constant 40 N m™*,
resonant frequency 300 kHz) were used. Height images were
flattened to remove background slopes without the use of other
filtering procedures and then analysed using Spip™ software
(https://www.imagemet.com/).

The blend stability was monitored by inspecting the nano-
particle sedimentation of the dispersions 9 months after the
preparation. All the lubricants were stored in room conditions
and in the dark. Pristine oil : PAMA: GRM dispersions were
filtered through a 7 um standard filter to check the particle
agglomeration during oil recirculation. The viscosity was
measured by means a rotational Anton Paar 301le rheometer
(Couette configuration) with the temperature ranging from 25
to 145 °C. A dedicated setup based on the four-ball method
(ASTM D2266)° was developed to study the wear properties; the
main characteristics are summarized in Table S2.f We moni-
tored the scratch diameter produced by three rotating spheres,
as shown in Fig. S6,1 comparing the results of a total of nine
samples. The diameter of the scratch was measured by means of
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an optical microscope (Olympus SZ40) coupled with a digital
camera. The thermal conductivity was measured using the
transient hot wire method in a custom-built equipment, created
based on a previously published setup.®® The measurement
apparatus consists of a copper wire (61 um in radius, 7 cm long)
mounted on a rectangular Teflon support. The sensor was
connected to a Keithley 199 multimeter for current-voltage (I-V)
measurements, and a Tech Star TPR3005-2D power supply
served as a constant current source. The multimeter was inter-
faced with a PC via a GPIB-USB connection, and data acquisi-
tion was controlled by LabVIEW program. Details on the
optimal measurement conditions and calibration procedures
are reported elsewhere.”®

Conclusions

In summary, we tested fully commercial nano-additivated
engine lubricant based on a blend of IND25 graphene nano-
platelets, PAMA dispersant and 5W-30 engine oil. Stable for 9
months, the blend shows a better time stability of COF with
respect to the pure base oil and the standard viscosity within the
range given by regulation agencies. Four-ball test analysis
confirmed improved wear resistance, and preliminary bench-
scale tests using a commercial car showed significant
increases in the power output up to 3% using the nano-
additivation. The achieved results indicate that solution-
processed graphene flakes IND25 are largely promising for
lubrication due to the production cost and the use of an eco-
friendly approach. Further analyses dedicated to the in-depth
understanding of GRM-mediated mechanisms
engine working environments are currently underway.
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