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A B S T R A C T

This article presents 2D mica nanoplatelets as a novel additive to produce a stable engine lubricant. The planar
structure and excellent mechanical properties of 2D mica contribute significantly to the improvements in
tribological performance when evaluated under pure sliding and rolling/sliding contact configurations. The wear
rate is reduced by 72 %, and the coefficient of friction (COF) decreases by 28 % when 2D mica is added to engine
oil under pure sliding conditions. No tribological improvement was observed under rolling/sliding conditions.
Our results also showed that nanosheet loading plays a significant role in nanolubricant performance, where 0.2
wt% is the optimum. These findings demonstrate superior performance to other 2D material nanoadditives and
indicate the potential for commercial applications of 2D mica-based nanolubricants.

1. Introduction

Pursuing enhanced tribological performance in lubricants represents
a pivotal area of contemporary materials science and engineering.
Improving tribological properties is pertinent to numerous industrial
sectors, including automotive, aerospace, manufacturing, and energy
production [1]. As machinery becomes increasingly sophisticated and
operates under more demanding conditions, the need for lubricants
capable of reducing friction, minimizing wear, and enhancing efficiency
becomes ever more pressing [2]. Consequently, developing novel lu-
bricants with superior tribological properties has emerged as a focal
point for researchers and engineers seeking to address the challenges
posed by modern machinery [3].

A significant majority (87.9 %) of vehicles registered in the European
Union (EU) in 2022 used internal combustion engines (ICEs) as the
propulsion systems, as evidenced by data from the European Automobile
Manufacturers’ Association (ACEA) [4]. The continuous dominancy in
the light-weight vehicle market by the vehicles with ICEs is highlighted
here, and it is fair to anticipate that ICEs will maintain a substantial
market presence in the coming years, making it imperative to advance

ICE technology, particularly with regard to enhancing performance,
reliability, and lifespan. The interaction between lubricant condition
and tribological performance is pivotal in efficient ICE design of ICEs
[5]. In order to extend their future market value, the current develop-
ment of high-performance engine oils is tailored to outperform con-
ventional lubricants [6]. As such, nanoadditives are a principal route to
producing high-performance lubricants, particularly at high contact
pressure and temperature.

Usually, engine oil comprises a base hydrocarbon oil along with an
additive package. The most common additives are antiwear, antioxi-
dants, dispersants, detergents, friction modifiers, viscosity modifiers,
extreme pressure agents, anti-foaming agents and emulsifying com-
pounds [7]. Zinc dialkyl dithiophosphate (ZDDP) is a popular additive
for antiwear properties in engine oil applications. Nevertheless, con-
cerns about the environmental impact of ZDDP, as well as its contribu-
tion to catalytic converter poisoning in automotive applications [8],
have prompted research into alternative antiwear (AW) additives,
including ashless AW additives [9], fluorinated ZDDP (F-ZDDP) [10,11],
and ionic liquids [12].

Among the antiwear additives of interest, nanoparticles are currently
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extensively studied as a potential alternative additive in commercial
lubricants to meet the rising worldwide demand for high-performance
lubricants. Apart from being environmentally friendly, nanoparticles
offer numerous benefits, including enhanced durability, low volatility to
withstand extreme temperatures, excellent thermal conductivity, and
remarkable capability to minimize friction and wear [2]. Initially, metal
oxide nanoparticles (e.g., Al2O3, TiO2, Fe3O4) were introduced to
enhance lubricant performance [13–15]. Their small size allows them to
penetrate surface asperities, forming a protective layer. Their spherical
shape allows them to perform a rolling effect that reduces friction and
wear. Carbon-based nanoparticles (e.g., diamond, fullerene and gra-
phene) emerged as promising additives due to their exceptional physi-
cochemical properties as research progressed. Fullerene’s spherical
structure enables it to roll between surfaces, reducing frictional resis-
tance, while graphene’s 2D lattice structure provides remarkable me-
chanical, physical, and electrical properties [16]. These nanomaterials
exhibit superior lubrication efficiency, forming robust tribofilms on
surfaces, enhancing load-bearing capacity, and reducing energy losses
[17].

A comparison of the various morphologies, typically spherical, sheet,
granular, onion, and tube nanomaterials, reveals their distinct influence
on the properties of nanolubricants [18]. Spherical shape nanoparticles
typically showcase the rolling mechanism, acting as ball bearings be-
tween the contact surfaces. However, their tendency to agglomerate can
compromise the stability and dispersibility of the fluid [3]. Nano-
particles with a sheet or lamellar-like structure include graphene [19],
molybdenum disulfide (MoS2) [20], boron nitride (BN) [21,22], and
zirconium phosphate (ZrP) [23].

The ability of two-dimensional materials to slide along their surface,
overcoming the weak van der Waals bonds, gives an added advantage in
determining the tribological behaviour of these materials [24]. For
example, with its 2D structure, graphene imparts exceptional mechan-
ical strength and thermal conductivity to nanofluids, leading to
enhanced load-carrying capacity and heat dissipation. Furthermore,
graphene’s large aspect ratio allows for improved dispersion and sta-
bility within the lubricant, ensuring uniform contact surface coverage
[19]. The onion morphology with a complex two-part structure having
an external spherical shape and an internal layered structure results in
better tribological performance due to better stability. During its stable
phase, it behaves like spherical morphology; however, in harsh condi-
tions, it becomes sheet morphology by exfoliating [18]. Dai et al. [18]
reported superior tribological performance of spherical, sheet, and
onion morphologies compared to other morphologies.

2D materials offer several advantages over traditional additives for
viscosity improvement and friction reduction. Their high surface area-
to-volume ratio enhances their effectiveness at low concentrations.
Their unique planar structure also allows them to penetrate surface as-
perities and form durable lubricating layers, leading to long-lasting
friction reduction [25]. Recently, Alqahtani et al. [26] have investi-
gated the tribological performance of 5W-30 engine oil with graphene
nano-additives. These authors concluded that graphene nanoplatelet
addition improved wear scar and coefficient of friction by 15 % and 33
%, respectively. Thachnatharen et al. [27] have studied the tribological
behaviour of hexagonal boron nitride (hBN) as nanoadditives in SAE 20
W50 diesel engine oil using ASTM standard four-ball tribotester. The
tribological results revealed 20.5 % and 9.47 % improvement in coef-
ficient of friction (COF) and wear scar diameter (WSD) using hBN
nanoadditives compared with bare engine oil. Yu et al. [28] analyzed
different metal-organic frameworks (MOF) (metal ions: Ni2+, Zn2+, and
Cu2+) as lubricant additives in a 500 N base oil. The best tribological
properties were obtained by adding 0.1 wt% Ni-MOF nanosheets,
reducing friction by 33.2 % and wear by 98.7 % compared to pure oil.
So, the most recent studies [26–32] have demonstrated that the incor-
poration of 2D materials not only improves the tribological properties
and increases the viscosity of the lubricant [33] and its load-carrying
capacity [34], but also that among all types of 2D materials,

silicate-based nanosheets possess the advantages of abundant raw ma-
terials, are easy to exfoliate, and are relatively cost-effective [35]. Mica
is a naturally occurring phyllosilicate mineral known for its excellent
thermal stability, resistance against harsh oxidative conditions, and
electrical insulation properties [36]. Its natural abundance makes it
cost-effective compared to other 2D materials like graphene and hex-
agonal boron nitride (h-BN), making it a viable candidate for large-scale
applications, is also environmentally friendly, offering an ecological
alternative to other 2Dmaterials. However, despite all these strengths, it
has not been explored as a potential lubricant additive in tribology, with
only a few publications on its use as a solid lubricant in coatings [35,37],
even though the layered clay mineral of mica carries the capacity to be
exfoliated along facets overcoming weak van der Waals forces upon the
exposure to an external shear force, leading to excellent antiwear
properties [37].

The authors note that there is a paucity of in-depth literature
exploring motor oils’ performance integrated with mica nanoparticles as
lubricant additives. This knowledge is crucial for optimizing high-
performance commercial oils that can be effectively and practically
applied in the automotive field. Therefore, new approaches to
enhancing the lubricative properties of engine oil (5W-30) were
explored during the study through a more optimal viscosity behaviour
and limiting friction and wear by incorporating 2D mica nanosheets as a
lubricant additive. The results of nanolubricants with 2D materials were
found to be promising, motivating the researchers to attempt a new
member of the family.

2. Experimental details

2.1. Synthesis of mica nanosheets

Micronized mica flakes were purchased from Lingshou County
Huayuan Mica Co. Ltd. Flakes were sieved with 325 mesh (44 µm).
Collected particles were washed multiple times with Ethanol/ DI water
mixture to remove the impurities and dried well before further pro-
cessing. Through direct ultrasonication, micro-sized mica flakes (<45
µm) were transformed into mica nanosheets. In a typical experiment,
500 mg of mica was added to a mixture of 50 mL deionized water (DIW)
and 50 mL ethanol (EtOH) and ultrasonicated at a frequency of 37 kHz
for 12 h using a 220 W 2.8 L Ultrawave bath ultrasonicator. The ultra-
sonic exfoliation process was paused periodically to ensure that the
temperature of the ultrasonication bath remained below 50 ◦C. The
resulting suspension, which had a dark green-grey colour, was separated
from the sedimented particles. The collected sample was sedimented by
centrifuging at 1500 relative centrifugal force (RCF) for 30 min using a
Sigma 1–16 K centrifuge. The resulting powder was dried in a vacuum
oven for > 12 h at 120 ◦C, and the dehydrated mica nanosheets were
kept in a sealed container until it’s been added to the engine oil.

2.2. Characterization of mica nanosheets and engine oil

Mica nanosheets were characterized through a range of morpho-
logical and physicochemical characterization techniques. Transmission
electron microscopy (TEM, JEOL 2010 and JEOL JEM-1400) was used to
realize the exfoliated mica nanosheets’ lateral dimensions and
morphological properties. The mica nanosheet’s layer thickness was
studied using Atomic Force Microscopy (AFM- Park Systems XE 100).
The surface elemental composition of 2Dmica was analyzed through the
energy dispersive X-ray spectroscopic analysis (EDS, EDAX Element EDS
system), and the surface chemical composition was comprehended with
the help of Fourier-transform infrared (FT-IR) spectroscopy (VARIAN
670-IR spectrophotometer) analysis. In addition, X-Ray diffraction
analysis (XRD, Siemens D5000 diffractometer) was used to confirm the
crystal phases present in the exfoliated layered structure.

The 2D mica-based nanolubricants were formulated using 5W-30
engine oil as the base lubricant. The properties of this engine oil were
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measured using a Stabinger SVM 3000 viscometer (Anton Paar, Austria),
which are summarized in Table 1. Further evaluation of engine oil
properties was carried out with Raman microscopy during one of our
previous studies [32], and the presence of characteristic peaks in two
distinct wavenumber regions of the fingerprint region (800–1800 cm− 1)
and high wavenumber region (2800–3500 cm− 1) attributing to the hy-
drocarbon structure of the oil was noticed during the study.

2.3. Nanolubricants preparation and stability assessment

The mica-based lubricants were prepared using the conventional
two-step method. After exfoliation and vacuum drying, dry mica nano-
sheets were loaded at different mass loadings varying as 0.05, 0.1, 0.2,
and 0.4 wt%, into the commercially purchased engine oil rated 5 W-30.
Each nanolubricant was mixed by mechanical stirring (Fisherbrand
Vortex) for 120 s and then further dispersed with the help of an ultra-
sonic bath sonicator (FB11203, 37 kHz, Fisher Scientific, USA) operated
for 4 h. The stability of the prepared nanolubricants was analyzed using
a refractometer (Mettler Toledo RA-510 M) following a previously re-
ported experimental procedure [38]. This was used to observe the
changes in the refractive index (n) over the period of 96 hrs. (temporal
evolution of n).

2.4. Measurement of viscosity index and kinematic viscosity

Guidelines outlined in ASTM D7042–04 and ASTM D2270–04 stan-
dards were followed during the viscosity index (VI) and kinematic vis-
cosity assessments of all mica-based lubricants, which were assessed and
computed using the SVM 3000 Anton Paar rotational Stabinger
viscometer. Kinematic viscosity measurements were conducted at tem-
peratures of 40 ◦C and 100 ◦C.

2.5. Sliding tests

The samples from both naked engine oil and the mica-dispersed
nanolubricant were performed in the sliding test experiment using a
ball-on-three-pins tribometer (T-PTD200) integrated within a rheometer
(Anton Paar MCR 302) under rotational motion.

The test specimens (ball and pins) were made with high-quality AISI
52100 grade steel with a hardness of 62–66 on Rockwell scale (HRC),
190–210 GPa of Young modulus and 0.29 of Poisson ratio. The chemical
composition of the AISI 52100 grade steel specimens is gathered in
Table 2. In terms of dimensions, the balls were 12.7 mm in diameter,
while the pins had a diameter and height of 6 mm, and the surface
roughness (Ra) of both specimens was 0.15 µm and 0.3 µm, respectively.
A volume of 1 mL sample lubricant was used for the sliding test, and the
temperature was maintained at 120 ◦C throughout the experiment.
During the test, 9.43 N of a normal force, resulting in a maximum
Hertzian pressure of 1.11 GPa was applied, and the ball surface velocity
was maintained at 0.1 m/s with 213 rpm of a rotational speed, acquiring
a total sliding distance of 3400 m. Each experiment was triplicated, and
the mean coefficient of friction (COF) was computed for each nano-
lubricant and the engine oil, along with its standard deviation.

Well-cleaned specimens were used for every test through ultrasonic
cleaning in petroleum ether for 5 mins, rinsing with ethanol, and drying
with hot air from the blower in respective order. For further details on
this tribometer configuration, please refer to previous publications. [39,
40].

2.6. Worn surface analysis

A 3D confocal profilometer (Sensofar, S-Neox) was used to analyze
roughness and the wear that occurred at the surface of pins after the
sliding tests. SEM and EDX surface analysis techniques were used to
analyze the morphological features in the wear surface. Possible wear
mechanisms were also identified. Further, the potential formation of
tribofilms on the surface of worn steel films was studied using a Confocal
Raman microscopy (WITec alpha300R+).

2.7. Rolling/sliding tests

Tribological properties under different lubrication regimes of the as-
prepared nanolubricants were analyzed using a MTM2 (Mini Traction
Machine from PCS Instruments) tribometer, which was configured as a
ball-on-disc setup. Stribeck curves were generated for the nano-
lubricants at various temperatures, ranging from 40 ◦C to 120 ◦C. The
tests employed a slide-to-roll ratio (SRR) of 50%, a load of 50 N
(resulting in a maximum contact pressure of 1.15 GPa), and an average
entrainment speed varying between 2500 and 10 mm/s. Each test uti-
lized a volume of 10 mL of lubricant. The balls with 19.05 mm diameter
and disks with 46 mm diameter were used for the test with the hardness
of the respective specimens were 800–920 HV and 720–780, respec-
tively, while both specimens were made out of AISI 52100 steel with
surface roughness Ra ≤ 0.02 µm. Before testing, the specimens under-
went a 5-minute ultrasonic cleaning process in a heptane-filled ultra-
sonic bath, followed by drying with hot air.

3. Results and discussion

3.1. Characterization of the engine oil and the mica nanosheets

The size of the mica nanosheets was measured using TEM, and the
results are presented in Fig. 1. The images in Fig. 1a-b show multi-layer
mica sheets with a lateral dimension of approximately 200–300 nm. The
non-contact AFM image presented in Fig. 1c confirms that the mica
nanosheets were well-exfoliated, with a layer thickness of< 10 nm. EDX
analysis (Fig. 1d) confirms the presence of Si, Al, K, Fe, Mg, and O in the
nanosheet structure, which are key elements in biotite mica. XRD
spectra presented in Fig. 1e further verified the presence of biotite, as the
diffraction pattern is well-aligned with the previous indexing on JCPDS
02–1297 for biotite mica [41]. With the positioning of the (002) plane at
27.4◦, the interlayer distance can be calculated as 0.32 nm following
Bragg’s law, knowing the samples were exposed to X-rays with 1.54 Å
wavelength. In addition, Fig. S1 presents XRD spectra of bulk mica. The
diffraction peak strengths of bulk mica and mica nanosheets were
compared with the peak strength of NaCl, which was mixed with an
equal weight percentage. Fig. S1 indicates a significant reduction of the
peak strength in mica nanosheets, suggesting a successful physical
cleavage of mica layers. Further, the overlapping of peak positions in
mica nanosheets and bulk mica and a similar elemental composition of

Table 1
Characteristics of the pure 5W-30 engine oil.

5W-30 Provider Nature Density
(20 ◦C)
/ kg m− 3

Kinematic Viscosity (40 ◦C) / mm2 s− 1 Kinematic Viscosity (100 ◦C) / mm2 s− 1 Viscosity Index (VI)

TOTAL ESPAÑA SAU. Synthetic 845.7 56.8 10.2 172

Table 2
Chemical composition (wt%) of AISI 52100 grade steel.

Material C Cr Mn Si P S

AISI
52100

0.98 –
1.10

1.30 –
1.60

0.25 -
0.45

0.15 –
0.35

≤0.025 ≤0.025

M.J.G. Guimarey et al.
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mica micro flakes (see Fig. S2, Supplementary Material) to mica nano-
sheets imply that no chemical modifications occurred during the
ultrasonication-assisted exfoliation process. Fig. 2 depicts the FT-IR
spectra of the mica nanosheets. In which, multiple characteristic peaks
were identifiable at 962 cm− 1, 752 cm− 1, and 671 cm− 1 attributed to
ν(Si-O-Si), ν(Al-O-A), and ν(Si-O-Si), respectively [42]. An additional
peak presented at 1639 cm− 1 is owing to adsorbed moisture [43].

3.2. Nanolubricants stability

It is essential to have a long-term stable suspension of mica nano-
sheets in the engine oil to deliver prolonged lubricative activities. The
stability of the mica-based nanolubricants was evaluated through
continuous monitoring of the refractive index. The change in the
refractive index (n) over time is presented in Fig. 3 for the naked engine

Fig. 1. a, b) TEM images, c) AFM, d) EDX, and e) XRD of multi-layer exfoliated mica sheets.

M.J.G. Guimarey et al.
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oil and the nanolubricants containing the highest concentrations of mica
loading (0.2 and 0.4 wt%) samples over a period of 4 days (96 h). The
results confirm that the mica-based nanolubricants were well-dispersed.
The refractive index of the base oil (n = 1.47135) increased by 0.0007
with the addition of 0.2 wt% mica into the oil. As the 2D mica loading
increased to 0.4 wt%, the refractive index further increased
(n = 1.47236) by 0.001. The stabilities achieved for the 2D mica-based
nanolubricants were higher than those previously reported for the same
engine oil (5 W-30) with graphene nanoplatelets (GNP) and

molybdenum disulfide nanosheet additives (MSNP). The time-
dependent variation of the refractive index was reported as 0.008 and
0.003 over 96 h for the 0.2 wt% loaded graphene nanoplatelets and
molybdenum disulfide nanosheet-based nanolubricants, respectively
[39].

3.3. Kinematic viscosity and viscosity index

The difference in kinematic viscosity between the mica-based
nanolubricants (νnl) and the neat engine oil (νfo) is expressed as
(

νfo − νnl
νfo

)

× 100, and Fig. 4a presents its behaviour against the varying

temperature and nanoadditive loading. The addition of 2Dmica resulted
in the reduction of the kinematic viscosity of the oil. The kinematic
viscosity decreased as the mica content of the nanolubricants increased,
except for the highest concentration of nanolubricants (0.4 wt%). The
observed phenomenon may be attributed to the self-aggregation of 2D
mica nanoparticles at higher loading. Although the dispersion was stable
at room temperature, with relatively higher oil viscosity, it could not
withstand higher temperatures under reduced oil viscosity and surface
tension, causing 2Dmica to aggregate and reducing the effective loading
of the particles. The kinematic viscosity decreased by 5%, 10%, 13%,
and 8% for the mica-based nanolubricants with 0.05 wt%, 0.1 wt%,
0.2 wt%, and 0.4 wt%, respectively, compared to the virgin engine oil.
The self-lubricating nature of mica nanosheets is assumed to trigger this
reduction in kinematic viscosity, where shear forces cause layers to slide
against each other. Therefore, adding the appropriate amount of mica to
the formulated oil can reduce internal friction during fluid flow. This is
similar to improvements achieved with other 2D materials and layered
nanoplatelets from our previous works [39]. Fig. 4a shows that the
variation of the kinematic viscosity with nanoadditive loading was
similar at both 40 ◦C and 100 ◦C.

Fig. 4b illustrates the VI of the 5W-30 engine oil (0 wt%) and the
newly formulated nanolubricants. The data reveal a decrease in VI by
2.3%, 4.1%, 4.7%, and 2.9% for the 0.05 wt%, 0.1 wt%, 0.2 wt%, and
0.4 wt% mica concentrations, respectively, relative to the pure engine
oil. These observations confirm the influence of the 2D mica in lowering
the VI of the base oil. However, it is noteworthy to mention that these
reductions are all less than 5%. This ensures that the nanolubricant
maintains its effectiveness at elevated temperatures by preserving the
depth of the oil film. The lower VI can be attributed to a higher viscosity
variation observed between 40 ◦C and 100 ◦C for the mica-based
nanolubricants compared to the engine oil. Pourpasha et al. have pre-
viously reported on this phenomenon. [44].

3.4. Sliding tests

Fig. 5 exhibits the COF obtained by performing the sliding test at

Fig. 2. FT-IR spectrum of mica nanosheets.

Fig. 3. Refractive index (n) evolution over time at 20 ◦C of the: 5 W-30 engine
oil (broken line), 0.2 wt% (circle) mica-based nanolubricants, and 0.4 wt%
(rhombus), and GNP (triangle)- and MSNP (square)-based nanolubricants at
0.2 wt% [39].

Fig. 4. a) Average relative variation of the mica-based nanolubricant viscosity (νnl) with respect to the formulated oil (νfo) at 40 ◦C and 100 ◦C, and b) viscosity
index, VI, for all the mica-based nanolubricants.

M.J.G. Guimarey et al.
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120 ◦C for pure engine oil and formulated engine oil samples with
several loadings of mica nanosheets. The temporal evolution of COF is
shown in Fig. 5a, revealing that nanolubricants significantly reduced the
COF, except for the highest nanolubricant concentration (0.4 wt%).
During the first 1000 s of the sliding friction test (engine start), all lu-
bricants, again with the exception of the highest 2D mica loading,
showed a typical behaviour of a sharp decrease in COF in the first minute
of sliding, followed by an increase to a second peak and then a gradual
decrease to a time-independent plateau. This two-step COF reduction
has also been observed with other friction modifiers, such as organic
friction modifiers (OFMs) [45]. The optimal 2D mica loading was
determined to be 0.2 wt% with an average COF reduction of 28%. The
nanolubricants with 0.05 wt% and 0.1 wt% mica loading reduced the
average COF by only 9% and 3%, respectively. Beyond the optimum
concentration (0.2 wt%), the likelihood of agglomeration of the mica
nanosheets increased (as shown in Fig. 3), resulting in the formation of
larger clusters that can disrupt the establishment of a uniform protective
film. This agglomeration leads to a decrease in the effectiveness of the
lubricant, as the larger clusters are less effective in reducing friction and
wear. For instance, research on MoS₂ nanomaterials and other
nanosheet-based lubricants highlights similar issues with
concentration-dependent agglomeration, emphasizing the importance
of optimizing nanoparticle concentration to maintain stability and per-
formance in tribological applications [20]. In agreement with the pro-
vided explanation, 0.4 wt% mica-based nanolubricant resulted in a
slight increase in COF (around 7%) relative to the COF obtained for the
base engine oil. These results are consistent with those obtained for ki-
nematic viscosity and VI (Figs. 4a and 4b), where the trend of viscosity
reduction does not hold at higher nanoadditive loads.

Fig. 6a shows the wear variation with the four mica-based nano-
lubricants in contrast to the one with the pure engine oil based on the

wear properties, including wear scar diameter (WSD), wear track depth
(WTD), and wear area measurements. All the mica-based nanolubricants
reduced the wear parameters compared to the 5W-30 engine oil. It can
be noted that the highest reduction for the three wear parameters can be
achieved with the 0.2 wt% mica nanolubricant, which showed about
27%, 35%, and 49% reduction for WSD, WTD, and worn area, respec-
tively. High mica loading (0.4 wt%) resulted in an increase in wear
parameters, reaching an increase of 5%, 11% and 15% for WSD, WTD
and wear area over the 5W-30 engine oil. Thus, the wear analysis
revealed that the ideal concentration of mica nanoadditive for antiwear
performance is 0.2 wt%. Several authors have reported the existence of
an optimum concentration when nanoparticles are used as lubricant
additives [46]. Again, the higher loaded nanolubricant (0.4 wt%)
resulted in a deterioration of the antiwear performance of the engine oil.
The clusters formed above a certain concentration, which favours the
agglomeration of the nanosheets, can also act as abrasive particles,
increasing friction and wear [47–49].

The wear rate (WR) was calculated from the wear volume mea-
surements in the steel pins using the following equation [50,51]:

W =
ΔV
FnSs

(1)

whereW is the specific wear rate (mm3⋅N− 1⋅m− 1), ΔV is the volume loss
(mm3), Fn is the applied load (N), and Ss is the sliding distance (m).

Fig. 6b demonstrates the effect of mica nanoadditive loading on the
wear rate. Incorporating 2D mica nanoparticles at a concentration of
0.2 wt% resulted in a significant enhancement in wear resistance against
the pure engine oil, exhibiting a maximum enhancement of 72%. These
wear characteristics align with previously collected wear parameter
data (Fig. 6a). Fig. 6 illustrates the relationship between the presence of
mica nanoadditives and the antiwear performance of the 5W-30 engine

Fig. 5. Sliding friction results: a) temporal evolution of coefficient of friction (COF) and b) average COF for trials with each lubricant sample.

Fig. 6. a) Wear variation for wear scar diameter (WSD), wear track depth (WTD) and worn area with the mica-based nanolubricants compared to the engine oil, and
b) wear rate results with all the lubricant samples.

M.J.G. Guimarey et al.
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oil, which is correlated with variations in the coefficient of friction
(COF) (Fig. 5b). At a mica loading of 0.4 wt%, the highest wear area and
wear rate values were observed, coinciding with the highest COF value.

The tribological results of this study were compared to those previ-
ously reported [39] lubricant additives like graphene and molybdenum
disulfide nanosheets at 0.05, 0.10, and 0.20 wt% in 5W-30 engine oil.
The test was conducted under the same contact configuration, with a
maximum Hertzian contact pressure of 1.11 GPa and a load test condi-
tion of 20 N. However, the temperature and sliding distance were
different, at 363.15 K and 180 m, respectively. Under optimal condi-
tions, the average COF reduction obtained for MSNP-enhanced oil was
5.9%, almost 5 times lower than the optimum 2D mica concentration
(28% at 0.2 wt%) achieved in this study.

In regards to antiwear performance, the engine oil showed the
highest reduction in wear area with GNP and MSNP concentrations at
0.20 wt%, reaching 22% and 13%, respectively [39]. However, these
reductions in wear area are less than 50% of those achieved in this study
with the optimal concentration of 2D mica nanoadditives. Therefore, it
can be concluded that mica nanoadditives exhibit significantly superior
tribological performance compared to previously reported nano-
additives in the literature. This makes the 2Dmica suitable as a lubricant
additive for formulated oils, improving their tribological and viscous
performance. Previous research [52,53] demonstrated that adding
layered materials to friction surfaces could cause interlayer sliding,
which significantly reduces the COF and wear rate.

3.5. Worn surface analysis

To elucidate the impact of the nanoadditives on tribological perfor-
mance and identify potential wear mechanisms associated with the 2D
mica nanoparticles, 3D optical profilometry was employed to quantify
the cross-sectional profiles of the wear tracks generated on the steel pins.
Fig. 7 presents the roughness profiles of the wear scars treated with the
5W-30 engine oil and the four formulated nanolubricants. The analysis
revealed that the cross-sectional area of the wear track lubricated with
the nanolubricant containing 0.2 wt% mica (yellow line) exhibited
minimal wear depth compared to all other lubricants tested. This
observation aligns with the previously measured friction and wear rate
data, where the 0.2 wt% mica loading demonstrated the most effective
antifriction and antiwear properties. Conversely, the nanolubricant
formulated with 0.4 wt% mica displayed the greatest wear track cross-
sectional area compared to the engine oil. This finding again corrobo-
rates the prior tribological results in Figs. 5b and 6b. It can be concluded
that the abrasive nature of mica can be advantageous up to a specific
concentration. However, exceeding this critical point leads to the for-
mation of mica agglomerates, which contribute to a phenomenon known
as third-body abrasion. This phenomenon ultimately results in increased
friction and wear. These observations highlight the significance of

identifying the optimal concentration of the nanoadditives to achieve
the most beneficial tribological performance.

The arithmetic mean surface roughness (Ra) measured from the
profile cross-section inside the wear scars was calculated using Senso-
Map software and the ISO 4287 standard with the subsequent equation:

Ra =
1
L

∫ L

0
Z(x)dx (2)

where L is the evaluation length, Z(x) is the profile height function, and
Ra is the arithmetic mean of the absolute values of the profile height
deviations from the mean line recorded within the evaluation length.

The arithmetic mean height (Sa) also was calculated using SensoMap
software and the ISO 25178 standard with the following equation:

Sa =
1
A

∫∫

Z(x, y)dxdy (3)

Table 3 summarizes the average roughness and height parameters for
the worn surfaces lubricated with the engine oil and the mica-based
nanolubricants. The results indicate that the mica nanoadditives do
not have a polishing effect, as Ra increases for wear scars lubricated with
the mica-based nanolubricants compared to those lubricated with en-
gine oil. The Ra values increase by 1.2, 0.5, 2.2, and 0.9 times for the
wear track lubricated with the 0.05, 0.1, 0.2, and 0.4 wt% mica-based
nanolubricant, respectively, in contrast to the surface directly lubri-
cated with the pure 5 W-30 engine oil. The Sa results for the wear scars
lubricated with 5 W-30 engine oil and four different mica-based nano-
lubricant concentrations reveal that at 0.2 wt%, the Sa value decreased
to 129 nm compared with the baseline value for the 5 W-30 engine oil
(142 nm), indicating better dispersion and more effective formation of a
uniform protective film, reducing the surface roughness. However, at
0.4 wt%, the Sa value significantly increased to 269 nm. This indicates
substantial agglomeration, resulting in larger clusters that disrupt the
uniform protective film, leading to higher surface roughness and
reduced effectiveness as a lubricant. To provide a more comprehensive
analysis, Fig. S3 (available in the Supplementary Material) shows the 3D
surface topography images for the wear track lubricated with the engine
oil and the mica-based nanolubricants.

The impact of mica nanoadditives on the mechanism for wear was
additionally explored through electron microscopy examination of the
wear surfaces. Images 8a, c, and e depict the wear scar of the AISI 52100
steel pin, serving as the lower specimen, under lubrication with the 5W-
30 engine oil at three distinct magnifications (500X, 1000X, and 5000X).
The wear reduction produced for the optimum concentration (0.2 wt%)
of 2D mica-based nanolubricant is clearly more pronounced, as
demonstrated in Fig. 8b. The wear scar diameter reduces to less than half
when 2Dmica is added to the 5W-30 engine oil. The sliding friction tests
performed with both lubricants show abrasive wear on the wear scar
(Fig. 8e and f). However, the surface lubricated with 0.2 wt% 2D mica
loading revealed the presence of wear debris on the worn area, sug-
gesting a possible deposit of mica during the sliding friction test. This
was confirmed by the EDX elemental analysis of the marked areas in
Figs. 8c and 8d. Table 4 provides a summary of the EDX findings from
the elemental spectroscopic study conducted on the steel pins subse-
quent to the sliding friction test employing both 5W-30 engine oil and
the ideal concentration of 2D mica-based nanolubricant (0.2 wt%). The
EDX analysis on the wear surface lubricated with the 5W-30 engine oil
detected the elements present in the steel (Fe, C and Cr) and the tribo-
layer formed by the reaction of the AW/EP additive, which are ZDDP
(Zn, P, S) [32]. The EDX analysis on the wear surface lubricated with the
0.2 wt% mica nanolubricant confirmed the presence of Si, Al, K, Fe, Mg
and O, elemental composition of biotite mica nanoparticles. Despite the
low concentration of 2D mica nanoadditive used, traces of these com-
pounds can be detected, especially the presence of O, Mg and K, which
are not detected on the wear track lubricated with the 5W-30 engine oil
without nanoadditives. This fact could be explained by the deposition ofFig. 7. Cross-section profiles of wear tracks lubricated with 5W-30 engine oil

and with mica-based nanolubricants.
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Table 3
Arithmetic mean roughness surface (Ra) and arithmetic meah height (Sa) and their standard deviation were measured on the wear scar of the steel pin after tests with all
the lubricant samples.

5W-30 0.05 wt% 0.1 wt% 0.2 wt% 0.4 wt%

Ra/nm σ/nm Ra/nm σ/nm Ra/nm σ/nm Ra/nm σ/nm Ra/nm σ/nm
10.2 5.2 22 13 15.3 7.3 33 16 19 12
Sa/nm σ/nm Sa/nm σ/nm Sa/nm σ/nm Sa/nm σ/nm Sa/nm σ/nm
142 50 173 58 141 42 129 41 269 41

Fig. 8. SEM micrographs showing the wear scars on the steel pins from the sliding friction test with: (a, c, e) pure 5W-30 engine oil and (b, d, f) 0.2 wt% mica-based
nanolubricant.

Table 4
EDX elemental analysis (wt%) on the wear scar.

Lubricant C Ni O Na Mg Al Si P S Cl K Ca Cr Mn Fe Zn Total

5W− 30 4.6 - - - - 0.3 0.4 0.3 0.4 - - 0.1 1.4 - 92.2 0.3 100.0
0.2 wt% mica 32.7 2.3 13.4 0.6 0.2 0.4 0.2 0.2 0.3 0.4 0.1 0.1 0.8 0.2 47.7 0.4 100.0
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2D mica nanoparticles during the sliding friction test.
After conducting sliding tests on the steel pin’s surface, Raman

spectroscopy and elemental mapping analyses were performed to
investigate the potential influence of nanoparticles in the contact region.
Fig. 9a and Fig. 9b depict the Ramanmapping of the tribofilms produced
using the commercial engine oil and the 0.2 wt% mica-containing
nanolubricant, respectively. The results indicate the presence of prom-
inent peaks at approximately 219 and 380 cm− 1, which are indicative of
hematite (α-Fe2O3). Within the range of 1300 to 1600 cm− 1, two distinct
bands, D and G, indicate the presence of carbon structures formed on
steel surfaces via the decomposition of hydrocarbon radicals from the oil
[54]. The Raman mapping of the wear track lubricated by 5W-30 engine
oil shows the presence of iron oxides and carbon structures (green and
blue areas) in the sliding direction. Both components are detected
lodged in the grooves longitudinally. The iron oxides are formed as a
result of the high contact pressure applied during the friction tests. In the
wear track lubricated with the 2D mica nanolubricant, the Raman
spectrum displays characteristic bands at 617 and 697 cm− 1, which are
assigned to vibrations related to δ(Si–O–Si), typical of biotite mica [43].
The wear surface shows that the biotite mica (red zone) is lodged in the
grooves, creating a tribofilm that reduces contact between the ball and
the pin, resulting in reduced friction and wear. The use of mica-based
nanolubricants resulted in the formation of a tribofilm and increased
surface roughness on the wear tracks.

3.6. Rolling/sliding tests

Fig. 10 illustrates the Stribeck curves for both the engine oil and

nanolubricants across various temperatures (40, 60, 80, 100, and
120 ◦C), maintaining a SSR of 50% and a load of 50 N. As the speed
varies from low to high speeds under all temperatures, the 5W-30 oil and
all nanolubricants transitioned from mixed lubrication (mL) to elasto-
hydrodynamic (EHL) regime, as expected. The study found that the
traction performance of mica nanolubricants remained consistent across
various concentrations of mica nanoadditives within the EHL regime.
Despite the promising tribological performance observed with the 2D
mica nanolubricants, their COF under ML conditions did not surpass that
of the commercial engine oil. Additionally, the increase in the COF was
not proportional to the concentration of 2D mica in the nanolubricant at
lower temperatures (40 ◦C, 60 ◦C, and 80 ◦C). For instance, when tested
at 10 mm/s and 40 ◦C, the COF increased by 30%, 43%, 40%, and 12%
for the 0.05, 0.1, 0.2, and 0.4 wt% mica nanolubricants, respectively,
compared to the 5W-30 oil. The addition of mica nanoadditives to the
engine oil may lead to the formation of agglomerates or clusters of mica
nanoparticles within the lubricant, which could explain the increase in
COF under the ML regime. The presence of clusters of nanoparticles may
cause uneven distribution or deposition on the contacting surfaces,
resulting in localized areas of increased friction. Furthermore, the use of
2D mica nanoparticles can modify the surface topography and chemical
interactions between the lubricated surfaces, which may lead to
increased asperity contact and friction. This is supported by the results
of the surface roughness analysis on the wear tracks (see Table 3). At
lower temperatures, the viscosity of the lubricant is higher (Table 1).
Higher viscosity can impede the flow of the lubricant and make it more
challenging to form an effective boundary layer between the rubbing
surfaces. In such conditions, the presence of mica nanosheets becomes

Fig. 9. Raman spectroscopy mapping of the wear surface treated with a) engine oil and b) the optimum mica-based nanolubricant.
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more pronounced in reducing direct metal-to-metal contact and thus
lowering friction. When present in higher concentrations, mica nano-
sheets can form a more continuous boundary layer between the rubbing
surfaces. This phenomenon may be indicative of the lower increase in
COF observed at 0.4 wt% mica content relative to lower concentrations
at low temperatures.

4. Conclusions

This paper investigated using 2D mica as nanoadditives for engine
lubricants. The study yielded several significant findings. Firstly,
incorporating mica nanosheets into SAE 5W-30 improved the thermo-
physical characteristics of the resulting nanolubricant. A significant
reduction in kinematic viscosity was observed, with the most pro-
nounced effect being observed at 0.2 wt% loading. Secondly, sliding
friction tests demonstrated a notable decrease in COF and wear rate at
the optimized loading of mica nanoadditives (0.2 wt%), achieving 28%
and 72% reductions, respectively. Thirdly, analyses using roughness
measurements, SEM, EDS, and Raman spectroscopy revealed the for-
mation of tribofilms facilitated by mica nanoadditives. Finally, assess-
ments conducted under rolling/sliding conditions showed increased

COF for all mica-based nanolubricants in the mixed lubrication regime.
This increase may be attributed to the formation of clusters within the
lubricant due to an excess of the concentration of the nanoadditives.
Therefore, optimizing the concentration of mica-based nanolubricants
according to the specific tribological contact conditions will be neces-
sary for their industrial use.
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