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This research utilized an integrated approach to measure
the impedance of a mineral oil consisting of (ML)-Ti;C,T,
MXene nanoparticles as additive. It was revealed that the
addition of 0.06 wt% of ML-Ti;C,T, MXene reduces friction
for up to 60% compared to pure mineral oil. The additive

in addition increased the lubricant’s electrical conductivity
and promoted rapid formation of a lubricating film between
two steel surfaces.
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Multi-Layer (ML)-TisC,T, MXene is being incorporated in lubricants to enhance their tribo-electrical
performance. To date, a comprehensive understanding of the dynamic tribo-electrical behavior of
lubricants containing nanomaterial enhancers is lacking. This study investigates a novel approach based
on electrochemical impendence to analyze the tribo-electrical characteristics of light mineral oil with
varying concentrations of (ML)-TizC,T, MXene as additive. We have modified a commercially available
tribometer to integrate the impedance analyzer, allowing simultaneous evaluation of electrical
performance during dynamic contact between two steel surfaces under sliding condition. This approach
enables the measurement of friction, tracking impedance values, assessment of contact area, and the
determination of oil film thickness. Our findings reveal that the addition of 0.06 wt% of ML-TizC,T,
MXene reduces friction for up to 60% compared to pure mineral oil. Furthermore, the electrical

Received 22nd November 2023, conductivity can be increased by adding MXene in the mineral Oil. Lubricants have ML-TizC,T, MXene

Accepted 22nd February 2024 additives possess exceptional tribological and electrical characteristics, facilitating a rapid and conduc-
DOI: 10.1039/d3ma01036h tive lubricating film formation to address current needs of lubrication in electrical vehicles (EVs).

This enhances efficiency, extends component lifespan, and mitigates electrical-induced damages with
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Introduction

Advancement in the automotive industry demands the design
of new lubricants to work at high speeds with less friction."
However, lubricating oils cannot attain the desired electrical
resistance and friction values. The upcoming EV technology is
still developing, and the demand to design suitable lubricants
to avoid damage or wear is growing. One way to tackle this issue
is the addition of nanomaterials in lubricants, which enhances
tribological behavior and fluidic properties.”* Graphene,
MoS,, and carbon nanotubes (CNTs) are generally added to
the lubricants to alter their thermal and viscoelastic properties
and ultimately enhance their tribological performance.”® The
high aspect ratio, excellent mechanical properties, good ther-
mal conductivity, and lubricity make them an ideal lubricant
additive candidate.

MXenes, a new member of two-dimensional (2D) material
family, has shown promise in reducing friction and wear due to
their layered structure of transition metal carbides.'™* So far,
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MXenes have caught considerable attention in the fields of
energy storage,"**® polymer,'® environments,***" and thermal
management.”>** Previous studies showed that adding limited
amount of MXene to base oils such as polyalphaolefin (PAO)
and silicon oil can reduce the coefficient of friction.”* More-
over, this incorporation has demonstrated a potential to
enhance thermal conductivity while decreasing the viscosity
which is attributed to its non-Einstein behavior.>*** To exploit
the superior features of MXene in tribological applications, the
influence of these additives on the overall tribological behavior
of lubricants exposed to electrical stimuli is yet to be under-
stood. Bridging the gap between electrical properties and
tribological performance is essential to solving current tribo-
electrical challenges such as Electrically Induced Bearing
Damages (EIBD).>*® The root cause of EIBD is current leakage
from the stator passing the bearing towards the shaft. This, in
turn, can create micro pitting and intense wear on the bearing
resulting in bearing failure.>® The current leakage can also
affect the other tribopairs in drive units, such as gears, leading
to surface damages. Evaluating ML-Ti;C,T, MXenes-induced
conductive lubricating films in mineral oil through impedance
analysis presents a promising avenue for comprehensively
understanding their behavior under operational conditions.
The initial attempt utilizing electrochemical impendence
to measure the fluid film thickness under shear at various
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temperatures was done by ourselves as reported by Chen et al.*°
In that work, we evaluated the relationship between impedance
and fluid film thickness in the hydrodynamic regime of pure
PAO base oil. The introduction of a solid additive can alter the
contact mechanics between two surfaces resulting in alteration
of electrical resistance mainly due to the possibility of occur-
ring surface reactions under sliding.***"

Continuing our previous approach be Chen et al, we
assessed the tribo-electrical behavior of a mineral oil. We
evaluated the effects of MXene nanoparticles as additives on
lubrication. We calculated the contact area in addition to the
film thickness, and evaluated the tribo-performance in a broader
regime, from boundary to hydrodynamic lubrication.

Electrochemical Model. The contact in this study is illu-
strated in Fig. 1. The Fig. 1la demonstrates two lubricated
metallic contacts with the presence of asperities. The existence
of asperities prevents complete contact between two surfaces.
The real contact area is usually smaller than the nominal
contact area (defined in the Hertzian contact mechanic).
To provide a meaningful explanation of this, the actual contact
area for a lubricated surface is visually represented on the
underlying surface. Refer to the black-shaded oval in Fig. 1a
for illustration. The tribofilm forms when the nano lubricants

a)
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are sandwiched between asperities or there is a reaction
between the lubricant and the surface (Fig. 1a).>* The conven-
tional understanding of electrical contact resistance proves
inadequate in elucidating surface contact phenomena in lubri-
cated contacts. This limitation arises due to the capaci-
tive nature of the lubricant, diverging from a simple resistive
behavior.*

By conceptualizing the contact region as an electrical circuit,
we can determine the overall resistance of the circuit by
combining the resistance of the bulk materials with the resis-
tance within the contact area. The Hersey number, a critical
parameter of tribo=condition, is calculated by dividing the
product of velocity and viscosity by the applied load. This
dimensionless quantity effectively captures the behavior of
fluid flow within the system. Specifically, in the boundary and
mixed lubrication regimes, associated with lower Hersey num-
bers, the contact’s electrical behavior involves capacitances and
resistances arranged in parallel, as illustrated in Fig. 1b. The
contact resistance is composed of summation of the resistance
of asperity contact (R, ) and solid tribofilm (R,). As we approach
to hydrodynamic regime, the influence of R, becomes domi-
nant in governing the total resistance. In this regime, due to the
absence of any asperity contacts, the circuit is transformed into

AC Current
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Cp
lub - Ra c+Rt Club
e e
Roved haA N AN ]
-— —

Coefficient of
friction

Velocity*Viscosity/Load
Fig. 1

Rbulk metal

C. C,

Rcontacti

Rbulk metal

(a) The lubricated contact mechanism, including asperities and nanoparticles. The red arrows show the movement direction, and the blue sheets

demonstrate the ML-MXene particles, which can act as tribofilm, altering the contact resistance. Moreover, the purple arrows show the current path. The
black projected areas are the real contact areas between asperities. (b) The electrical circuit models attributed to boundary and hydrodynamic regimes
considering the stribeck curve and contact mechanism. (c) The proposed electrical circuit for a lubricated contact in the boundary lubrication regime.
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a capacitor that represents the behavior of the lubricant.**
The fluid film thickness in the hydrodynamic regime has a
correlation with the imaginary part of the impedance.®® In the
boundary and mixed lubrication regimes, the presence of
tribofilm and asperity contacts leads to a scenario similar to
multiple capacitors and resistors arranged in parallel. Capaci-
tance represents the fluid component (Cyyp,), while resistance is
the combined effect of asperity contact resistance (R,.) and
tribofilm resistance (R).

The proposed electrical circuit model is explaining the
boundary and mixed lubrication regimes for the two metallic
surfaces with asperities in contact (Fig. 1c). Each asperity in
contact with the opposing surface has a resistance, which is in
parallel with other resistances. The tribofilm forms when the
nanolubricants are sandwiched between asperities (Fig. 1a)
and the incorporated nanoparticles increase the resistance of
asperities as if they are in series. Additionally, the effect of
lubricant in the space between the asperity’s contacts is con-
sidered as capacitors in parallel with the resistances.

Fig. 1c is the schematic of corresponding electric circuit of
modified tribometer setup. By summing the resistances of the
bulk materials and contact area and comparing it with the
dynamically measured values, we can obtain information on
the contact behaviour, including the effect of nanoparticle
additives on the tribofilm, hence the total resistance of contact
can be calculated as eqn (1).

(1)

where, Rioial, Rbulk metals Reontact are the resistance of total circuit,
the tribopair, and the contact interfaces between asperities,
respectively. The resistance of bulk metals can be calculated as
follows:**

Riotal = Rpulk metal + Reontact

1 piLi
[ — 2
Roulk metal Z Ao @
In this equation p;, L; A, are the electric resistivity of metallic
parts, the thickness along which the current flows, and the

nominal contact area of each specimen, respectively. Sharvin’s

o
N—

304 &
] o
_ =3
5 2.7
o ]
-
& 244 <
2 | S
@ =3 .
s 214 ML-Ti,C,T,
E 4
- 1.8
(7]
N 1
T 454 =
E™ § ¢
(<] =2 =)
Z 424 e l Ti,AIC,
1 l ] 1 e I
09 T T T T T T 1
10 20 30 40 50 60 70

2 Theta

Fig. 2 (a) XRD of ML-TizC,T, MXene. (b) SEM of ML-TizC,T, MXenes.
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contact resistance equation estimates the real contact area (A)
between the surfaces:*’

A= }“(pl +,02) (3)
2Rcontacl
The variable / represents the average distance an electron
can travel between collisions, referred as the electron mean free
path. Through combination of eqn (1)-(3), we can derive the
real contact area (eqn (4)).

Z(p1 +p2)

piLi) (@)

A=
2 (Rtolal - Z A_O

Continuous monitoring of the impedance while the surfaces
are sliding leads to the estimation of the changing contact area
of lubricated surfaces.

Using the impedance, we can better understand the effect of
the addition of the ML-Ti;C,T, Mxenes to the base oil’s elec-
trical conductivity and film thickness. Because of their small
dimensions, ML-Ti;C,T, Mxenes rapidly reduce the chance of
asperity-asperity contacts. Additionally, the shear force needed
to detach the layer is smaller than the plastic deformation of
the asperities.

Results and discussion

The microstructure and configuration of MXene were charac-
terized. The X-ray diffraction (XRD) patterns of dried ML-Ti;C,T,
MXenes (Fig. 2a) powder were acquired using a Bruker D8 X-ray
diffractometer with a LynxEye detector. The measurement was
conducted in a Bragg-Brentano geometry, employing a CuKa
(wavelength = 1.54 A) radiation source. The X-ray scanning
procedure involved using a step size of 0.02° and a scan rate of
1.5 seconds per step. Fig. 2a reveals the intensity of the (002) plane
peak of MXene in the prepared samples. The (002) plane peak is a
distinctive feature in the diffraction pattern corresponding to the
MXene material’s crystallographic planes."'”*%3 A Veeco FPP 5000
Four Point Probe was used to measure the electrical conductivity

Mater. Adv,, 2024, 5, 5063-5069 | 5065
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of an ML-MXene filtered and bucky paper sample. The bucky
paper was carefully prepared, dried, and used as the sample for
the measurement. The recorded electrical conductivity value
yielded a noteworthy 1208 s cm ™.

In our experiment, different concentrations of ML-Ti;C,T,
MXenes powder (0.01, 0.02, 0.04, and 0.06 wt%) were added
into light mineral oil and then stirred using a magnetic stirrer
and bath sonication. This procedure has been reported by us
and others as in ref. 24 and 25. We observed the samples to see
the transparency and any signs of aggregation. Those samples
exhibited stability lasting a minimum of three days, indicating
acceptable suspensibility in the same period. The inadequate
colloidal stability of fluids may be attributed to the hydrophilic
characteristics of ML-Ti;C,T,.*° Hence, higher concentrations
result in particles settling sooner after dispersion, or even
during the tribotest, potentially leading to agglomeration and
an increase in the coefficient of friction. On the other hand,
lower concentrations does not supply enough tribofilm to
reduce the coefficient of friction.”® Fig. 2b demonstrates the
SEM image of the etched ML-Ti;C,T, MXenes which clearly
shows the classical accordion like structure indicating the
successful removal of Al and formation of MXene.*' The large
surface area and ability shear under sliding condition makes
MXene a great choice for this work. Sheard MXene layer can
alter the fluidic properties which will ultimately alters the film
thickness under shearing.***?

We have utilized an impedance analyzer and tribometer to
evaluate the tribo-electrical performance of a lubricant contain-
ing ML-Ti;C,T, MXenes additives under dynamic (tribometer in
operation) contact between steel surfaces. Initially, all steel
substrate used in this work were polished on chemical mechan-
ical polisher to ensure a uniform roughness of substrates. The
ball material was E52 100, and the substrate was 4130 low-
carbon steel. A load of 1N was applied, and a hertzian contact
pressure of 0.63 MPa was consistently employed in all the tests.
The linear speed was 5 cm s~ to remain in the mixed lubrica-
tion regime. The temperature was kept at 80 °C, which falls
within the operating temperature range of electric vehicles’
drive units (0-100 °C).** The selection of this temperature
mimics the actual operation of EVs and therefore data collected
from this setup can be very useful to understand the failures
of EVs. The tribo test results compare the effect of different
ML-Ti;C,T, MXenes concentrations on the friction perfor-
mance (Fig. 3). The addition of MXene into a base oil resulted
in a decrease of friction with increased loading of MXene
content. The layers of MXene are held together by relatively
weak van der Waals forces. When subjected to shear forces,
which arise from the frictional contact of tribopairs (surfaces
sliding against each other), these weak forces can be overcome.
This allows the layers to be separated or delaminated, resulting
in the formation of single or a few layers of nanosheets.*>*
This leads to metal/metal contact suppressing the coefficient of
friction. Moreover, the addition of MXene into a base oil also
produced a friction curve which is much more stable (less noise
or fluctuation) than the pure base oil. The generated MXene
nanosheets can fill up the produced wear tracks resulting in
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Fig. 3 The coefficient of friction results from different concentrations of
MXene in the light mineral oil at 80 °C.

reduced friction and stable friction curves. Overall, the addition
of 0.06 wt% of ML-Ti;C,T, MXene resulted in a drop in friction
by 60% compared to mineral oil.

The impedance was recorded during the tribotests using a
high frequency of 20 kHz. High frequency can increase accu-
racy. An alternating current (AC) voltage of 1 mV rms and a
direct current DC-biased voltage of 0.5 mV were applied to
ensure precise measurements and effectively address the high-
impedance system. A small DC-biased voltage helps maintain
the system’s polarity for more consistent impedance measure-
ments. The electrical resistance of different concentrations of
ML-Ti;C,T, MXenes in mineral oil is demonstrated in Fig. 4.
Each color represents a impedance values for specified ML-
Tiz;C,T, MXene concentration. To better exibit the results, the
trends are shown with dashed lines. The first couple of cycles
of tribo tests is called run-in, in which a slight initial wear
produces a larger contact area between the ball and the plate.*”
As depicted in Fig. 4a, the real part of impedance (Re(Z)) at the
run-in test is decreasing for all tests, which confirms the higher
contact area due to asperity deformation and wear. This resis-
tance drop was also reported in previous studies.*® The
decrease in resistance is notably sharper for the mineral oil,
particularly highlighting its pronounced increase in the friction
coefficient during the run-in period, as depicted in Fig. 3.
However, upon the addition of ML-Ti;C,T, MXenes, there is a
slight increase in friction and a minor decline in resistance.

After the run-in period, Re(Z) It starts increasing for the
samples lubricated with oils containing additives, while the one
lubricated with pure mineral oil remains almost constant. This
can be attributed to the thicker ML-Ti;C,T, MXenes tribofilm
formation, leading to more asperity/particle contact than asper-
ity/asperity contact. Specifically, 0.06 wt% MXene shows the
highest real part of the impedance and highest slope as
compared to the mineral oil. Overall, a higher concentration
of MXene increases the likelihood of asperity/particle contact,
resulting in a more significant elevation of resistance so it is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The variation of the (a) real and (b) imaginary parts of the impedance vs. time in linear, logarithmic scale throughout the tribo tests of the
lubricated surfaces with different concentrations of MXene in the light mineral oil at 80 °C.

very important to design the nanolubricants with an optimal
concentration of MXene to obtain desired results.

By adding up to 0.02 wt% MXene, Re(Z) does not increase
much, while Im(Z) dominates the Re(Z) (Fig. 4). This dominance
indicates a significant contribution from reactive components
originating from the fluid film, rapidly forming a sufficiently
thick tribofilm that reduces friction. Therefore, the high Im(Z2)
(Ciup) and a low real part (R + R, ) indicate that MXene exhibits
reactive behavior with minimal electrical resistance (Fig. 4). In
other words, the portion of the R is higher than R, ..

During the run-in (initial runs of the test), Im(Z) decreases
and then starts to increase for all samples (Fig. 4b). Pure
mineral oil shows the lowest impedance, demonstrating thin-
ner oil film thickness (Ci,,) compared to the MXene-added
lubricants. Lower impedance represents a lower oil thickness
trapped between the asperities.*>*>

Conclusions

To conclude, the addition of MXene to the mineral oil results in
an increase in impedance while reducing friction. The increase
in resistance is attributed to metal/particle contact resistance,
which can reduce the possible electrical damage due to the
potential difference between the tribopairs.*® The addition of
low concentrations of MXene results in a limited increase in
(Re(2)), while the (Im(Z)) increases. These changes indicate the
significant friction reduction due to sufficiently high fluid film
thickness, ultimately facilitating effective friction reduction.
When high Re(Z) and low Im(Z) are required, 0.06 wt.% could
be a good candidate.

On the other hand, when the opposite effect is required,
0.02 wt% of MXene can be more suitable. This indicates that
the concentration of MXene in oil plays a vital role and can
help design the nano lubricants for the desired applications.
More importantly, MXene causes the rapid formation of a film
consisting of an oil, leading to friction reduction. The mechanisms

© 2024 The Author(s). Published by the Royal Society of Chemistry

of this phenomenon are currently being investigated. Our results
provide valuable insights into the tribological and electrical proper-
ties of lubricants containing Ti;C,T, MXene additives and have
practical implications for developing high-performance lubricants.
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