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KEYWORDS ABSTRACT

Two-dimensional materials added and distributed in
lubricating oil have been shown to improve the
tribological properties of the oil. In this work, 2D TizC>
MXene nanoparticles, synthesized via the advanced
microwave-assisted hydrothermal platform, were
characterized using FESEM, EDX, XRD, and FTIR to study

TizC; MXene their morphology, chemical composition and the
Nanoparticle interaction between their functional groups. The as-
COF prepared TizC,; MXene nanoparticles with nanoparticles
Wear size around 12 nm were introduced as an additive to
Thermal conductivity outboard engine oil to reduce the tribological effect

between contact surfaces. The findings demonstrate that
adding 0.01 wt.% of Ti3C2; MXene reduced the friction by
5.8% and wear by 6.0%, owing to the possibility for
interlaminar shear of Ti3C, MXene nanosheets. At the
same time, the thermal conductivity increased by > 50%
after 70°C when 0.01 wt.% of Ti3C; MXene was added to
outboard engine oil.
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1.0 INTRODUCTION

In response to the rapid growth of nanotechnology, researchers have turned their attention to
utilizing nanomaterials for improving traditional lubricants and optimizing engine performance.
Associating nanoparticles, particularly at the nanoscale, into outboard engine oil holds great
promise for mitigating marine transportation problems (Rasheed et al., 2020; Zaharin et al., 2022;
Zaharin et al., 2023). Nanolubricants, engineered at the nanoscale, have unique properties that
reduce wear and friction between engine components, improving mechanical efficiency, fuel
economy, and pollution (Ji et al., 2020; Rosenkranz et al., 2020). Additionally, nanolubricants
exhibit superior thermal stability, effectively dissipating heat and maintaining optimal engine
operating temperatures (Al-Janabi et al., 2021; Masjuki et al., 2014; Nagarajan et al., 2022; Yang
et al, 2019). Materials at the nanoscale, which generally ranges from 1 to 100 nanometers, may
be purposefully manipulated and controlled with great precision through nanotechnology. This
size allows materials to display distinctive characteristics and behaviours different from their
bulk equivalents, creating new opportunities for improving lubricants in various applications.
(Anasori et al., 2017; Gupta et al., 2020; Rosenkranz et al., 2019; Shahdeo et al., 2020; Ying et al,,
2015; Rahman et al, 2023). Furthermore, integrating nanoparticles into engine oil offers
significant advantages, including reducing friction by forming protective coatings that minimize
direct metal-to-metal contact, thereby reducing mechanical degradation and abrasion (Manu et
al,, 2021; Rosenkranz et al., 2023; Zaharin et al.,, 2023). Additionally, the thermal conductivity of
these nanoparticles may be improved, enabling effective cooling and decreasing temperature
during operation, which is beneficial for engines running in challenging marine circumstances.

Recent studies suggest that adding 2D MXene nanoparticles into outboard engine oils shows
promise in tackling tribological issues (Markandan et al., 2023; Rosenkranz et al., 2023; Zaharin
2023). MXenes are layered materials consisting of transition metal carbides, nitrides, or
carbonitrides. TizCz MXene, in particular, has gained considerable attention attributed to its
extraordinary properties (Naguib et al,, 2013; Verger et al., 2019). TizC; MXene nanoparticles are
an intriguing choice for improving engine fluid lubrication and lowering friction because of their
characteristics. TizC2; MXene nanolubricant forms a protective layer on engine surfaces that
reduces wear and friction between moving components. TizC2; MXene's unique 2D structure
provides high adherence to surface flaws, improving lubrication and lowering the chance of
surface damage. Ti3C; MXene has excellent anti-wear properties and strong load-bearing capacity
that can further minimize frictional losses and increase fuel efficiency.

Although TizC, MXene offers exceptional properties and potential benefits as a lubricant
additive, assessing its toxicity is a critical aspect that requires thorough investigation before its
incorporation into lubricants. Several studies have examined the potential toxicity of Ti3C,; MXene,
primarily focusing on its impact on human health and the environment. A study conducted by Pan
et al. (Pan et al., 2020) evaluated the cytotoxicity of Ti3C; MXene on human cell lines and
concluded that at low concentrations, TizC; MXene exhibited minimal cytotoxic effects. The
authors attributed this to the material's limited cellular uptake and biocompatibility. Similarly,
Nasrallah et al. (Nasrallah et al, 2018) investigated the severe toxicity of TizC, MXene
nanoparticles in aquatic organisms and observed negligible adverse effects at environmentally
relevant concentrations. Incorporating minute quantities of Ti3C; MXene into lubricants can
enhance their tribological and thermal properties, thereby improving engine performance and
efficiency. Several studies have explored the effects of incorporating nanomaterials, including
Ti3C, MXene, into lubricating oils (Cai et al., 2022; Y. Liu, 2016; Zaharin et al., 2023), the addition
of TizC2 MXene nanoparticles to lubricating oil was shown to reduce friction and wear between
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engine components, leading to improved engine efficiency and extended component lifespan.
Additionally, the thermal conductivity enhancement of lubricating oils through the dispersion of
Ti3C, MXene, aids in effective heat dissipation and preventing excessive engine overheating
(Anasori et al., 2017; Markandan et al., 2023; Zaharin et al., 2023).

The primary objective of this research is to conduct a comprehensive investigation to gain a
profound understanding of the enhancements achieved by incorporating TizC, MXene into base
oil. The study thoroughly examines several pivotal characteristics, including the coefficient of
friction (COF), average wear scar diameter (WSD), and thermal conductivity. Through these
analyses, the overarching aim is to thoroughly comprehend the implications arising from
introducing TizC; MXene into engine oil. This exploration may lead to the development of entirely
innovative and high-performance lubricants. The outcomes derived from this study are expected
to yield critical insights into the augmentation of engine oil performance facilitated by TizC>
MXene additives. This research holds significant promise in addressing tribological challenges
and surmounting issues associated with effective heat dissipation in outboard engines.

2.0 MATERIALS AND EXPERIMENTAL PROCEDURE

2.1 Materials

The preparation of MXene powder involved the utilization of various materials. Specifically,
Xiamen Tob New Energy Technology Co., Ltd, located in China, procured titanium aluminium
carbide (TizAICz) in a 400-mesh form with a purity level of 99.9%. Additionally, hydrochloric acid
(HCI) with a concentration of 37% v/v and lithium fluoride (LiF) in a 300-mesh form were sourced
from Sigma Aldrich, a reputable supplier based in Malaysia. Furthermore, ethanol of 96% purity
was also acquired from Sigma Aldrich, Malaysia. In the context of this study, a lubricant oil
compatible with TC-W requirements as stipulated by the National Marine Manufacturers
Association (NMMA) for outboard engines was employed. It is noteworthy that no supplementary
purification procedures were undertaken, as all the chemical reagents used in this research were
of analytical-grade quality.

2.2 Synthesis of 2D TizC; MXene

The synthesis of TizC; MXene was conducted utilizing an advanced microwave-assisted
hydrothermal synthesis apparatus, specifically the Milestone FlexiWAVE system from Italy.
During the synthesis procedure, hydrofluoric acid (HF) was generated in-situ by combining
lithium fluoride (LiF) and concentrated hydrochloric acid (HCI). To mitigate the risk of potentially
hazardous exothermic reactions, a methodical approach was employed. Initially, 2.5 M LiF was
dissolved in 10 mL of 6 M concentrated HCl within a Teflon tube. Subsequently, 0.5 g of MAX phase
material was incrementally introduced into the LiF/HCI solution. Following 30 minutes of
magnetic stirring, the mixture underwent an additional 30 minutes of sonication. The resultant
solution was subsequently subjected to an advanced hydrothermal system equipped with
microwave support, operating at a temperature of 30 °C for a duration of 10 minutes. Figure 1 in
the documentation illustrates the schematic representation of the advanced microwave-
hydrothermal synthesis process employed for Ti3C; MXene production. Subsequent to the
synthesis reaction, the acidic mixture underwent thorough cleaning utilizing ethanol and
deionized water. To separate the solid components, centrifugation was carried out at 5,000
revolutions per minute for a period of 5 minutes, employing a Sartorius centrifuge from Germany.

71



Jurnal Tribologi 39 (2023) 69-83

This washing procedure was reiterated until a stable colloidal suspension of MXene was obtained.
The final MXene solution achieved through this process was deemed to be pure, devoid of the
aluminum layer and any associated by-products. It is important to note that the methodology
employed in this study was adapted from prior research conducted by our team(Numan et al,,
2022; Zaharin et al,, 2023). Figure 1 illustrates the overall process involved in synthesizing Ti3C;
MXene nanoparticles.
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Figure 1: Schematic diagram of TizC; MXene nanoparticles preparation via advanced microwave
synthesis.

2.3 Characterization of 2D Ti3C; MXene Nanoparticles

The investigation of the phase structure and crystallinity of the synthesized TizC, MXene
nanoparticles was conducted through X-ray diffraction analysis (XRD) using a BRUKER D8
advance instrument. Cu K radiation (A = 0.154 nm) was employed, with operating parameters set
at 40 kV and 30 mA. The scanning of 20-degree patterns was performed at a rate of 5°/min within
the range spanning from 5° to 80°.To identify the functional groups present in the TizC; MXene
nanoparticles, Fourier-Transform Infrared Spectroscopy (FTIR) analysis was carried out using a
Perkin Elmer instrument (model L160000M). The FTIR spectra were recorded by accumulating
200 scans across a spectral wavenumber range of 500 to 4000 cm-1. The elemental composition
of the MXene material was determined through Energy-dispersive X-ray spectroscopy (EDX)
using a Quanta 400F instrument from the United States. For a comprehensive examination of the
morphology of the TizC; MXene nanoparticles, Field Emission Scanning Electron Microscopy
(FESEM) was employed. Specifically, a ZEISS SUPRA 55VP instrument was used for this purpose.

2.4 Formulation of TizCz MXene Nanolubricant

The samples of MXene nanolubricant were prepared by dispersing 0.005wt.%, 0.01wt.%, and
0.05wt.% of the as-synthesized TizC; MXene powders into 100 ml of outboard engine oil. To
ensure the nanoparticles were uniformly dispersed and to achieve stability, the oil samples
underwent a sonication process using a water bath sonicator for 30 minutes. They were
homogenized at 5000 rpm for 10 minutes using a high-shear lab mixer to ensure uniform mixing
and distribution of nanoparticles. Figure 2 shows the overall process of TizC; MXene
nanolubricant formulation.
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Figure 2: Process flow of TizC2; MXene nanolubricant formulation.

2.5 Formulation of Ti3C; MXene Nanolubricant

In the case of each oil sample, an assessment of stability was performed through Zeta Potential
analysis using the Malvern Zetasizer 3000HSA instrument. This analysis aimed to gauge the
stability of the TizC; MXene nanolubricant and to prevent the occurrence of MXene flocculation
within the oil medium.

2.6 Tribotesting of TizC; MXene Nanolubricant

The evaluation of the coefficient of friction (COF) and the average wear scar diameter (WSD)
for the Ti3C; MXene formulation at varying concentrations (0.05 wt%, 0.01 wt%, and 0.005 wt%),
along with the base oil, was conducted using a Ducom four-ball tribometer model TR-30L. Within
the tribometer, one steel ball underwent rotational motion while in contact with three additional
carbon-chromium steel balls submerged in the respective nanolubricants contained within the
ball pot. The physical specifications of the carbon-chromium steel balls, each having a diameter of
12.7 mm, utilized in this experimental setup are detailed in Table 1.

Table 1: The steel balls specification used in the tribometer.

Properties Value

Material Carbon-chromium steel
Hardness, H [HRC] 1

Density, p [g/cm3] 7.79

Surface roughness, R, [um] 0.022

The experimental parameters adhered to the guidelines stipulated in the ASTM D 4172
standard. These parameters encompassed a rotational speed set at 1,200 revolutions per minute
(rpm), an applied load of 392.5 Newtons (N), a testing duration of 3,600 seconds, and an operating
temperature of 75 °C. Conforming to the ASTM D 4172 standard, these standardized conditions
were employed to conduct an initial evaluation of the lubricant's anti-wear characteristics. A

73



Jurnal Tribologi 39 (2023) 69-83

detailed summary of the operational conditions for the four-ball tribotester is presented in Table
2.

Table 2: The ASTM D 4172 operating parameter for tribotesting.

Parameter Value
Rotating speed [rpm] 1200
Appplied load [N] 392.5
Temperature [°C] 75
Time [sec] 3600

The primary data processing system integrated within the tribotester was responsible for
computing the coefficient of friction (COF) associated with the nanolubricant. Simultaneously, an
image-capturing apparatus was employed to assess the diameter of the wear scar resulting from
the tribological contact. This assessment focused on the worn scar dimensions on the stationary
metal balls, serving to gauge the extent of wear. Throughout the tribotesting, stringent
temperature control was maintained, with the lubricant environment consistently held at a stable
temperature of 75 °C. To cleanse the steel balls post-test, ethanol was utilized as the cleaning
agent. Additionally, an optical microscope was deployed to conduct a detailed examination of the
weathered scar surfaces.

2.7 Thermal Conductivity Evaluation of TizC; MXene Nanolubricant

With the aid of the LFA HyperFlash device from NETZSCH, Germany, the thermal conductivity
of lubricating oil samples containing various TizC; MXene concentrations was assessed using laser
flash analysis (LFA). The experiment was conducted in a nitrogen-filled environment. Before
fitting the sample holder components together, the cover of the lubricating oil samples was coated
with graphite to aid in heat absorption. The samples were heated up gradually for the LFA analysis.

3.0 RESULTS AND DISCUSSION

31 Characterization of TizC2; MXene Nanoparticles

Figure 3 presents a comprehensive set of characterization results for both the bulk MAX phase
precursor and the as-synthesized TizC; MXene. These results assess their phase structure,
crystallinity, morphology, elemental composition, and functional groups. Regarding the X-ray
diffraction (XRD) analysis, as depicted in Figure 3(a), it substantiates the successful conversion of
MAX phase TizAlC; into TizC, MXene through advanced microwave-assisted hydrothermal
synthesis involving etching and exfoliation processes. In the XRD data, discernible diffraction
peaks associated with distinct crystallographic planes are observed for the MAX phase, including
(002), (004), (101), (103), (104), (105), (109), and (110), situated at respective angles of 9.7°,
19.2°, 34.1°, 39.0°, 41.9°, 56.5°, and 60.4°. These observations are in agreement with established
standard values (JCPDS No. 52-0875). Following the advanced microwave-hydrothermal
synthesis, the previously sharp peaks corresponding to TizAlC, undergo a significant reduction in
intensity. Notably, the (002) diffraction peak experiences a distinct shift, transitioning from 9.64°
to 6.13° and 6.54° for TizC; MXene, signifying notable changes in grain size and interlayer spacing
within the TizC; sample.
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Figure 3(b) demonstrates the Fourier-Transform Infrared Spectroscopy (FTIR) results. This
analysis offers insights into the chemical bonding of the MAX phase, surface termination groups,
and the delaminated TizC, MXene. Comparable stretching vibrations are observed in both the
MAX phase and MXene, encompassing Ti-C, Ti-0, C-0, and C-C vibrations. Additionally, hydrogen
bonding is discerned in both samples. The FTIR spectra further reveal the presence of distinct
vibrational modes associated with Ti-0O, Ti-C, CO, OH, -Ox, and C-F groups, aligning with previous
research findings (He et al,, 2022; Z. Liu et al., 2022), indicating a variety of surface terminations
in the MXene prepared through the microwave-assisted hydrothermal method.
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Figure 3: (a) XRD diffractogram of MAX phase and Ti3C; MXene, (b) FTIR of MAX phase and TizC:
MXene, (c) FESEM micrograph of MAX phase and (d) FESEM and EDX of TizC; MXene.

The FESEM images in Figure 3 (c) and (d) revealed the morphological changes after etching
and exfoliation. The MAX phase TizAlC; exhibited a solid, stacked multilayer nanosheet structure
(Error! Reference source not found. 3(c)). In contrast, the MXene samples (Figure 3 (d))
showed individual layers of MXene sheets with nanosheets size around 12 nm, indicating that Al
had been removed from the MAX layers. This showed that the microwave-assisted hydrothermal
technique effectively produced thin layers of 2D MXene nanosheets. EDX elemental spectrum in
Figure 3 (d) confirmed the existence of Ti, C, F, and a negligible amount of Al in both MXene
samples. This analysis verified the establishment of MXene and removed a large amount of Al
elements from the precursor. The characterization studies confirmed the establishment of TizC;
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MXene from its precursor, the morphological changes after etching and exfoliation, and the
presence of several surface termination groups in the synthesized MXene.

3.2 Zeta potential of TizC2; MXene Nanolubricant

Figure 4 displays the zeta potential of TizC, MXene nanolubricant prior to and after 14 days.
The zeta potential measurements indicate that the MXene nanolubricant formulation exhibits
excellent stability, with zeta potential values exceeding 61 mV. This stability is observed both
before and after the 14-day interval. However, it is noted that the stability of the MXene
nanolubricant gradually decreases after 14 days, indicating the occurrence of slow coagulation of
MXene nanoparticles. Additionally, a linear decrease in the zeta potential value is observed with
increasing TizC; MXene concentration. This implies that the mobility of nanoparticles is
constrained at larger concentrations, impeding the development of an energy barrier and leading
to particle aggregation and precipitation. In other contexts, the repelling forces between
nanoparticles weaken at exceeding concentrations, causing them to accumulate and have a lower
zeta potential value.
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Figure 4: Zeta potential size of the Ti3C; MXene nanolubricant with various concentrations.

3.3 Tribological analysis of TizC: MXene Nanolubricant

The influence of nano-additives on the performance of lubricating oil has been scrutinized,
with notable findings reported by (Zaharin et al., 2023). Figure 5 illustrates the outcomes in terms
of the coefficient of friction (COF) and the wear scar diameter (WSD) for MXene nanolubricants
containing varying concentrations of Ti3C, MXene nanoparticles within outboard engine oil.In
Figure 5(a), the COF of the base oil registers at 0.1252. Upon introducing 0.01 wt.% of MXene into
the base oil, an initial reduction in COF is observed. This decrease is attributed to the formation
of a protective shielding layer comprising MXene nanosheets within the lubricant. This layer
effectively mitigates friction by impeding the slippage of individual layers. As the MXene
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nanolayers reach a sufficient concentration, they contribute to the formation of a uniform
tribofilm during sliding and deformation, thus further diminishing friction. However, when the
concentration reaches 0.05 wt.%, a noteworthy increase in COF occurs. This phenomenon
indicates the aggregation of TizC, MXene nanoparticles, resulting in flocculation. Consequently,
the nanoparticles face hindrances in accessing the minute gaps between the frictional contact
points, leading to an elevated COF. This trend is consistent with observations made by (Guo et al,,
2022; Nagarajan et al., 2022).

Figure 5(b) illustrates the WSD for outboard engine oil with varying levels of MXene additives.
The base oil yields a WSD of 818 pm. Incorporating TizC, MXene additives ranging from 0.005 wt.%
to 0.05 wt.% in the oil leads to a notable enhancement in WSD, with improvements ranging from
3.0% to 8.2% compared to the base oil. The most favourable outcome is achieved with 0.01 wt.%
Ti3C2 MXene additive. This outcome aligns with research conducted by Markandan et al. and other
researchers (Markandan et al., 2023; Mushtaq & Hanief, 2021), which highlights that the creation
of a thin lubricating layer sandwiched between interacting surfaces results in a reduction in WSD.
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Figure 5: (a) COF of MXEO with different concentrations, (b) WSD of MXEO with different
concentrations. FESEM images of the wear scar of the ball with (c) base oil and (d) 0.01 wt.%
MXEO. (d) EDX elemental spectrum of wear scar of the ball with 0.01 wt.% MXEO.

This layer not only mitigates frictional torque and contact pressure but also facilitates the
accumulation and deposition of nanoparticles within microscopic fissures and ridges, thereby
smoothening the surfaces and reducing the average WSD. This phenomenon underscores an
additional mechanism contributing to the beneficial mending effect.

The results obtained from Field Emission Scanning Electron Microscopy (FESEM) and Energy-
Dispersive X-ray Spectroscopy (EDX) analyses, as depicted in Figure 5(c) through (e), serve to
corroborate the preceding observations. In particular, these analyses provide empirical support
for the identified surface wear and composition trends.

Figure 5(c) and (d) reveal significant disparities in the surface characteristics of the ball bearing
subjected to base oil versus the ball bearing augmented with 0.01 wt.% Ti3C, MXene additive. The
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former exhibits pronounced furrows and deeper surface abrasions, indicating increased wear and
friction. In contrast, the addition of 0.01 wt.% Ti3C2, MXene results in shallower furrows and
conspicuously smooth wear tracks. This outcome underscores the ability of MXene nanolayers to
swiftly traverse the oil surface, thereby generating a continuous protective coating on the sliding
surfaces. This coating, characterized by excellent contact adhesion, aligns with earlier research
findings (Zaharin et al.,, 2023; Zhang et al.,, 2019). This mending property is instrumental in
repairing scratched and worn surfaces, establishing a protective layer, and minimising direct
surface-to-surface contact, consequently reducing wear scar diameter. Notably, the presence of
titanium, as evidenced by the EDX analysis, confirms the adherence of Ti3C; MXene nanoparticles
within surface cracks, resulting in a reduction in groove depth. The introduction of Ti3C; into the
lubricating oil yields enhanced tribological properties, attributable to the development of a
tribofilm and the associated mending effect. Thanks to its two-dimensional structure, TizC; MXene
exhibits a propensity to traverse the oil surface readily. However, it is imperative to acknowledge
that as the concentration of Ti3C; MXene increases, aggregation tendencies become more
prominent, engendering heightened tribological effects between mating surfaces. These findings
remain consistent with prior studies that have demonstrated a significant reduction in the
coefficient of friction (COF) and wear characteristics when Ti3C; MXene is harnessed as a
nanolubricant, as documented in the works of (L. Liu et al,, 2019; Suresha et al., 2019; Zaharin et
al.,, 2023).

34 Thermal Analysis of Ti;C; MXene Nanolubricant

Elevated thermal conductivity in lubricants is imperative for effectively mitigating engine heat
and mechanical fatigue. The analysis of thermal conductivity was undertaken on TizC; MXene
nanolubricant samples blended with TC-W-qualified outboard engine oil. This analysis
encompassed variations in concentration and temperature, spanning the range of 40°C to 100°C.

The findings unveiled a direct relationship between the concentration of Ti3C; MXene
nanoparticles and the thermal conductivity of the nanolubricant. Notably, as the concentration of
MXene nanoparticles in the oil sample increased, the thermal conductivity exhibited a
corresponding enhancement. The rationale behind this phenomenon lies in the augmented
dispersion of higher MXene concentrations, which facilitates superior heat dissipation and
intensified molecular collisions within the lubricant. Consequently, this augmentation culminates
in elevated thermal conductivity. Notably, Figure 6 illustrates that the highest concentration of
MXene nanolubricant, denoted as 0.05 MXEO, yields the most pronounced increase in thermal
conductivity. This can be attributed to the distinctive high aspect ratio and layered morphology
of TizC, MXene nanosheets, which effectively engender a more extensive contact interface,
thereby contributing to the observed elevation in thermal conductivity.

Moreover, it was observed that thermal conductivity exhibited an upward trend with
increasing temperature within the range of 40°C to 100°C. This can be ascribed to the heightened
molecular vibrations and random collisions that occur at elevated temperatures. At lower
temperatures, the lubricant's elevated viscosity imposes constraints on the mobility of TisC;
MXene nanosheets, consequently diminishing thermal conductivity. However, as temperature
increases, the reduction in viscosity facilitates greater mobility of these nanosheets, thereby
fostering enhanced Brownian motion and resulting in a more pronounced thermal conductivity.
This phenomenon aligns with prior studies, which have underscored the relationship between
rising temperature, decreasing viscosity, heightened mobility, and improved thermal
conductivity.(Apmann et al., 2021; Malekzadeh et al., 2016).
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Figure 6: Thermal conductivity of TizC; MXene nanolubricant with various concentration.

3.5 Lubricating Mechanism of Ti;C; MXene Additive

The realm of tribology, concerned with understanding and reducing friction and wear between
interacting surfaces, has witnessed a transformative shift with the advent of advanced
nanomaterials. Among these, TizC,; MXene nanoparticles have emerged as promising additives in
nanolubricants, potentially enhancing lubrication performance significantly.

At the heart of the lubricating mechanism lies the ability of TizC, MXene nanoparticles to
adhere to and form a shielding layer on the contacting interfaces. These nanoparticles possess a
high surface area and unique surface chemistry, facilitating strong adhesion to metal surfaces.
These nanoparticles easily migrate to the asperities and micro-gaps on the contact areas when
exposed to the nanolubricant, forming a strong boundary lubrication zone. This layer lowers
friction and wear by eliminating immediate contact between the two surfaces by serving as a
barrier.

As the Ti3C; MXene nanoparticles form a boundary lubrication layer, they undergo a process
of tribofilm formation. Under mechanical and thermal forces, these nanoparticles interact with
the lubricant's base oil and undergo chemical transformations, generating a complex
tribochemical film on the surfaces. This tribofilm serves multiple purposes: it reduces wear by
sacrificially abrading during sliding, provides a smooth sliding interface, and absorbs energy
through its deformation, thereby cushioning impacts between the surfaces.

One of the remarkable traits of Ti3C; MXene nanoparticles is their shear stability within the
lubricant film. Due to their nanoscale dimensions and inherent mechanical robustness, these
particles withstand shear forces without undergoing excessive deformation. This characteristic
ensures the longevity of the boundary lubrication layer, sustaining its effectiveness even under
high-stress conditions. Furthermore, the nanoparticles can distribute mechanical loads across the
surfaces, enhancing load-bearing capacity and minimizing surface deformation and wear.

In addition, nanolubricants containing TizC, MXene nanoparticles also benefit from these
additives' thermal conductivity enhancement properties. The high thermal conductivity of MXene
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materials facilitates efficient heat dissipation from the frictional zone, lowering the possibility of
thermal deterioration and keeping the lubricant’s performance stable under -elevated
temperatures. This property is particularly advantageous in high-performance engines where
heat generation is significant.

Overall, the lubricating mechanism of TizC; MXene additives in nanolubricants is a complex
interplay of surface adhesion, tribofilm formation, shear stability, load-bearing capacity, and
thermal conductivity enhancement. These nanoparticles offer a multifaceted approach to
reducing friction and wear by forming a protective boundary layer, absorbing energy, and
enhancing thermal management. As research unravels these interactions' intricacies, the
potential for tailoring and optimizing the lubricating mechanism becomes increasingly promising.
Adopting TizC; MXene additives in nanolubricants holds great potential to revolutionize
tribological practices across industries, paving the way for more efficient and durable machinery
and reducing environmental impact.
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CONCLUSIONS

In summary, the optimal concentration of Ti3C; MXene nanoparticles in the nanolubricant,
specifically at 0.01 wt.%, yielded the most favourable outcomes in this study. Comparative
analysis with the base oil revealed a notable reduction of 5.8% in the coefficient of friction (COF)
and an 8.2% decrease in the average wear scar diameter (WSD). These improvements can be
ascribed to the formation of a protective film known as the tribofilm, which effectively develops
between the surfaces undergoing friction, thereby significantly diminishing the friction
coefficient. Furthermore, the reduction in wear scar diameter can be attributed to a repairing
effect, where TizC, MXene nanoparticles congregate and seal surface cracks and crevices, thereby
preventing direct contact and reducing wear. Additionally, the incorporation of MXene
nanoparticles yielded a positive trend in thermal conductivity, resulting in a substantial
improvement of over 50% compared to the base oil. This enhancement can be attributed to
several contributing factors, including the high aspect ratio of the nanoparticles, their layered
morphology, and the Brownian motion they induce, collectively augmenting the overall thermal
conductivity of the nanolubricantIn summary, the comprehensive test results affirm a
nanolubricant comprising 0.01 wt.% MXene nanoparticles exhibited the most substantial
enhancements in both tribological performance and thermal conductivity analyses.
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