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Abstract

Superlubricity, or near zero friction is a highly desired lubrication state for a wide range of
practical applications. Although such application scenarios often involve complex contact
geometries, solid lubricant technologies, including previous efforts on achieving superlubricity,
are almost entirely in linear sliding test conditions. This report demonstrates an experimental
pathway to yield superlubricity in rolling-sliding contact conditions using solid-lubricant
materials. Ti3C>X based solid lubricant was tested under complex sliding-rolling conditions at
engineering-significant contact pressures. The material’s compression and inter-layer shearing
result in material reconstruction to pose superlubricity. High-resolution transmission electron
microscopy analysis, complemented by multi-scan Raman spectroscopy showed the formation of
a robust amorphous tribolayer. This demonstration is expected to not only advance the applied
aspects in the development of oil-free solid lubricants but also push the boundaries of fundamental

understanding of materials’ structure-property relations across physical states.
Introduction

Organic, synthetic, and mineral oils are traditionally used for wear and friction reduction in
mechanical components, especially those experiencing various rolling/sliding regimes.!-?
However, their use is not always feasible due to environmental limitations such as vacuum or high
temperature, or restrictions imposed by the applications, such as in aerospace, pharmaceutical, or
food industries. Challenges also arise due to the large volume of lubricants required and the

associated risks of cross-contamination.

Solid lubricant materials provide an alternative approach to lubrication by supplying the
protective material directly to the sliding interface. This separates the chemically active contacting

surfaces, forming a tribolayer that passivates the surface by saturating the dangling bonds, and in



some cases reducing the area of contact.> 8 Among the solid lubricant materials, the most promising
ones are layered, or two-dimensional (2D), structures. Graphite and MoS., mostly in their bulk
forms, have been used for friction and wear reduction of sliding components for decades.”!! The
demonstration of the excellent tribological potential of graphene in single or few-layer form'?
accelerated the work in 2D tribology and led to the implementation of 2D lubricants across various
scales and conditions.!> Moreover, the use of graphene enabled achieving macroscale
superlubricity regime,!® the state of vanishing friction, highly desirable from the materials
sustainability and energy efficiency standpoints.'* The superlubricity was successfully achieved
with other systems, such as MoS,, MXene, and black phosphorous.” However, one significant
detail is that those studies were performed for sliding conditions which significantly limit the

implementation of solid lubricants.

For complex geometry applications such as in rolling, rolling-sliding, and combinations
thereof, a major part of the work is done with various lubricating oils.">2! Such analysis is
performed on a standardized test rig developed to study the friction response under sliding rolling
conditions is the miniature traction machine (MTM). This test rig mimics the contact conditions
in gears of various types of configurations, and hence offers scope for robust characterization of
the lubricant materials. Though oil lubrication systems can yield low friction, achieving

superlubricity in MTM systems remains rather elusive.

This study adopted the MTM platform to study and gain an overarching understanding of
whether solid lubricant materials can be designed to work in conditions beyond pure sliding,
enabling superlubricity under rolling conditions. For this, MXene-MoS: lubricant, previously
reported to sustain superlubricity under high load and sliding speed conditions, has been
employed.?? The study demonstrated that the superlubricity regime can be adapted to sliding-
rolling conditions as well. A detailed analysis with varying load, speed, and slide-to-roll ratio was
carried out to probe the lubrication efficiency of MXene-MoS; lubricant and unravel the structural
and chemical modifications when the rolling moving component is introduced. Optical
profilometry, electron microscopy, Raman and X-ray photoelectron spectroscopy, and

nanoindentation were used to understand the phenomenon that produced the lubricity properties.



Materials and Methods

Materials: Weighed proportions of TizC>X and MoS: were added to a carrier solution (ethanol)
and spray coated onto heated (80 °C) steel substrates (46 mm diameter hardened and tempered
AISI52100 steel disc with a maximum hardness of 59 HR. and surface roughness of R, = 215+20
nm). Pristine micro-crystalline MXene (Ti3C2T,) (~100 nm in diameter flakes, obtained from
Nanochemazone, Leduc, Alberta, Canada), and MoS: (~90 nm in diameter flakes, obtained from
Graphene Laboratories Inc, Ronkonkoma, NY, USA) powders were added to the ethanol,
sonicated, and tumbled. These MXene and MoS; powders were mixed in 23:77 ratio respectively
and deposited using a pneumatic spray setup. Additional details on the composition matrix and

optimization framework of the solid lubricant are presented elsewhere.??

Deposition: The carrier solution bearing the solid lubricants was spray deposited onto a heated
steel MTM disc. A uniform dispersion rate and pass-to-pass delay were tuned such that the ethanol
immediately evaporated upon contacting the hot surface, effectively transferring the solid lubricant

materials.

Characterization: The thickness of the spray-deposited solid lubricant coating was measured
using the Filmetrics Profilm3D Optical Profilometer (KLA Instruments, Milpitas, CA, USA). KLI
Instruments Nanoindentation test platform was used to measure the mechanical properties of the
coating and tribolayer. X-ray photoelectron spectroscopy was performed using PHI Versaprobe,
Al K, radiation. The morphological details were captured using a Hitachi TM 3000 tabletop
scanning electron microscope (SEM), and JEOL JEM-2100F Field Emission-Gun Transmission
Electron Microscope (TEM) was used to capture the transmission electron micrographs. Chemical
changes in the coatings were recorded using Raman spectroscopy (Renishaw Raman system with

a green 532 nm wavelength laser).

Description of modified MTM setup: The standard MTM (PCS Instruments, London, UK)
was modified as shown in Figure 1. The oil reservoir of the MTM unit was emptied, rinsed with
organic solvents, wiped clean, and dried. A nitrogen line was connected to the oil outlet spout,
effectively creating a controlled environment sample chamber. The contact pressures were
calculated using Equation 1 and Equation 2, where W is the applied load; D is the diameter of the

ball (19.05 mm, or 0.75 inch, with a surface roughness of R, = 25 nm); E" is the reduced elastic



modulus; and E1, Ez, vi, vz are the elastic moduli (~ 190GPa) and Poisson’s ratios (0.27-0.3) of the
AISI 52100 steel (ball and substrate material) respectively.
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The prepared samples were assembled in the test chamber, top cover placed and locked, and
subsequently purged with pure, dry nitrogen at a rate of 0.5 centiliters per minute for a minimum
of 30 min before the onset of the test and through the entire test duration. Although the chamber
itself was not a perfect seal, the continuous supply of nitrogen was sufficient to prevent ambient
air back-flow into the sample chamber. The slide-to-roll ratio (SRR) was calculated using Equation

3.
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An extensive exploratory study was performed on the solid lubricated samples at various test
conditions. The first proof-of-concept demonstration experiment was performed at a nominal load
of 10 N, 100 mm/s, and 5% slide-to-roll ratio. Based on the result of this low-load, low-speed
experiment a larger test matrix consisting of higher contact pressures and more severe sliding
conditions was planned. These tests were performed at 20 N, an initial sliding speed of 100 mm/s,
and a slide-to-roll ratio spanning from 200% to 5%. Finally, an endurance test was conducted at
30 N, 500 mm/s, and 5% SRR. Post-test characterization and analysis of mechanical properties

were performed to unravel the material’s transformation during the tests.
Results
Lubricant preparation and deposition

The MXene-MoS: mixture was spray-coated on rough steel surfaces and analyzed under
sliding/rolling conditions, as shown in Figure 1. The scanning electron microscope images of the

starting materials before dispersion into the carrier liquid are shown in Figure 1a for the MXene



powder and in Figure 1b for the MoS> powder. The MXene flakes had an accordion-like multilayer
morphology, with an average flake size of 25 £ 7 um, whereas the average flake diameter of the
MoS: flakes was 500 + 100 nm and appeared larger in the SEM image due to agglomeration. A
photograph of the suspension is shown in Figure 1c. The materials remained in the suspension
without lumping or displaying segregation. A cartoon showing the deposition process on the MTM
disc is shown in Figure 1d. After the deposition of the coating, a sharp step through the deposit
was created using a diamond scribe, and the step height between the substrate and the top of the
coating was measured as coating thickness. The average coating thickness and roughness were 2.5
+ 0.15 um and 137 + 50 nm, respectively (shown in Supplemental Information Figure S1). The
experimental setup of the MTM instrument with the sample disc and ball assembled is shown in

Figure 1e.
Tribological characterization

The coatings were assessed for their friction and wear characteristics in the MTM setup

(Figure 2).

Table 1: Summary of parametric studies performed in the MTM experimental setup.

Test Load (N) | Velocity (mm/s) SRR (%) | Friction (u)
Test 1 10 100 5 0.0421
Proof of Concept
Test 2 Step 1 20 100 200 0.0190
Test 2 Step 2 20 100 150 0.0161
Test 2 Step 3 20 100 100 0.0150
Test 2 Step 4 20 100 50 0.0143
Test 2 Step 5 20 100 25 0.0140
Test 2 Step 6 20 100 5 0.0130
Test 3 30 500 5 0.0054
Endurance Test
Test 4 30 500 5 0.254
PAO-10 (Reference)

The friction data from the exploratory studies is shown in Figure 2a and the values are
presented in Table 1. The 3D plot shows the effect of the sliding velocity of the disc, normal load,
and resulting coefficient of friction. The plot shows the friction coefficient below 0.5 for all tested

conditions. For reference, the steel substrate tested with PAO-10 oil under similar conditions



yielded a friction coefficient of 0.254. Next, the coating was tested across the full range of SRR
values. The full frictiograms of the SRR variation test with progressively increasing rolling
contribution are shown in Figure 2b. At 200% SRR, the disc rotates with a speed of 200 mm/s
with the ball remaining stationary (0 mm/s), mimicking a typical pure sliding ball-on-disc set-up,
whereas, at 5% SRR, these values were 102.55 mm/s and 97.55 mm/s, respectively. The friction
was observed to decrease from 200% SRR to 5% SRR. The friction coefficient at the end at 200%
SRR was 0.0190, at the end of 150% SRR step was 0.0161, at the end of 100% SRR step was
0.0150, at the end of 50% SRR step was 0.0143, at the end of 25% SRR step was 0.140, and at the
end of 5% SRR step was 0.013. While these friction results were very low, they did not yield
superlubricity, when friction should drop below 0.01. Prior studies demonstrated that MXene-
MoS; lubricant is very sensitive to applied load conditions.?? Therefore, to achieve superlubricity,
the applied contact pressure was increased to 1 GPa (30 N) while testing at a constant 5% SRR
(Figure 2c¢). This test corresponds to the highest contact pressure, rolling contribution, and sliding
velocity condition in the current study. Under these conditions, the ball’s rotation speed is 487
mm/s, and the disc’s sliding speed is 512 mm/s, producing the desired slide-to-roll ratio of 5%.
Indeed, the steady-state friction dropped to 0.0054 for a prolonged duration during the experiment.
Notably, in comparison to the 2D material providing superlubricity, the uncoated steel-on-steel
contact demonstrated a high friction of 0.78 that caused immediate failure of the MTM test, while
the use of a commercially available PAO-10 base oil reduced friction to only 0.254 under the same
testing conditions (Figure 2¢). This result implies that solid lubricant materials are not only limited
to being used in sliding conditions but also under sliding-rolling conditions across different contact
conditions. The observed friction values are comparable with other state-of-the-art solid lubricant
materials that show a classical, linear, monotonous change in friction with sliding speed or normal

load 9-11,22-31

The wear on the tracks from the two tests was quantified. Figure 2d shows the line profiles of
the wear tracks at 20 N and 100 mm/s initial velocity and the 30 N and 500 mm/s initial velocity
experiment. The blue dashed line shows the substrate and coating interface in purple. The line
profile indicates that the entire wear is contained within the coating, and no wear loss occurred
across the through-thickness of the deposit, i.e., coating did not rupture exposing the substrate
steel. This means that considerable the service life remained on the deposit (as confirmed by SEM-

EDS elemental map, Supplemental Information, Figure S2).



Materials characterization

The materials characterization was performed before and after the tests to quantify the changes
and understand the mechanisms at play. The Raman Spectra were acquired from the two contacting
bodies. The Raman spectra from the disc are shown in Figure 3. A photograph of the disc loaded
into the analysis chamber of the Raman Spectrometer is shown in Figure 3a, with the two sliding
tracks visible on the sample substrate. The spectra from the as-deposited coating are shown in
Figure 3b. The signature of the materials from the two separate tests was similar and the
representative line graph is shown in Figure 3¢, and a 2D area scan across the wear track is shown
in Figure 3d. When the test was carried out under a nitrogen atmosphere, no deleterious
intercalation with oxygen or structural water was seen in either of the wear tracks. The peak
positions and intensities remained fairly unchanged. Importantly, peaks at 159, 666, and 820 cm ™!
that correspond to MoOj3 were absent.>? The absence of oxide peaks was also confirmed using XPS
analysis (Full spectra presented in Supplemental Information, Figure S3). The inside of the sliding
path showed a strong signal emanating from the A lattice vibration and all other peak positions

were present on the as-deposited coating, outside the wear tracks. This shows that crystal plane

reorientation occurred to favor the basal plane alignment normal to the loading axis.

The Raman spectra acquired from the counterface ball are shown in Figure 3e-h. A schematic
of the ball contact region is shown in Figure 3e, and the corresponding contact area’s while light
image is shown in Figure 3h. There are two distinct regions, namely the center of the contact region
(blue) where peak contact stress is experienced by the counterface, and the region adjacent to the
peak stress portion where contact with a pile-up of the solid lubricant transferred from the disc
seems to be still intact, shown in red. The Raman signature from the pile-up region is shown in
Figure 3f and that of the peak contact-stress region is shown in Figure 3g. The area map of the
entire region of interest is shown in Figure 3h. In contrast to the solid lubricant material deposited
on the disc, and the off-set region, the spectra indicated significant material change. The intensity
and shapes of the characteristic peaks were diminished and distorted, indicating the transfer layer
was composed of pulverized or disintegrated material, with some resemblance to the starting

materials.

A small extract from the foregoing transfer layer was placed on a TEM copper grid for further

analysis of the microstructure and chemical composition. The resulting transmission electron



micrographs are shown in Figure 4. The bright field image of the transfer layer, the selected area
electron diffraction (SAED) image, and TEM EDS elemental maps are shown. The bright field
image did not contain any lattice fringes or crystalline features indicating it to be amorphous. The
SAED pattern confirmed this observation as being completely devoid of any periodic lattice
features, as evidenced by the smeared halo. The constituent elements from the starting materials,
namely, Mo, S, and Ti, C, were present. The TEM observation corroborates with the distorted

Raman Spectra shown in Figure 3g-h.
Discussion

The data presented thus far, namely the friction graphs, minimal wear loss, materials
characterization carried out using Raman Spectroscopy on the ball and disc, and TEM imaging
and EDS point toward the robustness of the solid lubricant containing MoS; and MXene in rolling-
sliding. The improvement in lubricity performance of the material when moving from pure sliding
which is 200% SRR to increased rolling component, which is 5% SRR is attributed to multiple
factors. Increasing the ball speed while simultaneously decreasing the disc speed results in an
increase in the slide-to-roll ratio as shown in Equation 3. These contact conditions result in
progressively increasing shearing stresses in the lubricant material. The friction response from the
lubricant is dependent on the materials’ shear strength, and ability to withstand the normal and
shear stresses. From the data presented, it is evident that the lubricant can withstand high loads
and shear stresses and responds by producing greater slip in the inter-planar and trans-crystalline
systems resulting in increased lubricity, as reflected in the decreasing friction plot shown in Figure
2a. This is possible as the principal shear force accommodation is provided by the MoS: flakes,
while the MXene provides the necessary mechanical strength in addition to shearing from the
MXene itself. Secondly, with prolonged sliding, and increasing the normal load, the number
density of the asperities on the surface decreases and promotes re-orientation of the basal planes

that enables inter-layer slip and intra-crystal shear.33 !

It has been previously shown that the hardness of the tribolayer is considerably high compared
to the as-deposited material due to the compaction and sliding, that holds in this case. The hardness
and the elastic modulus of the as-deposited coating material were 1001 + 10 MPa and 5557 + 100
MPa, respectively, whereas the hardness and the elastic modulus of the compacted tribolayer

material increased to 2250 = 20 MPa and 8873 £ 120 MPa, respectively (as shown in Supplemental



Information Figure S4). Finally, the material integrity both in the form of retaining a high structural
integrity in the surface and sub-surface layers on the disc and forming an inert amorphous transfer
layer on the ball facilitates the lubricity behavior. The formation of an amorphous transfer layer on
the counterface ball contrasts with our previous report where no such morphological changes were
seen.?? This difference arises due to the variation in the contact conditions between the two
experimental setups used in the two studies. In the classical pin-on-disc study, the ball remains
stationary and therefore the experiment is in pure sliding contact. The transfer layer formed on the
ball is in a quasi-stable state and does not change unless there is an excessive pile-up and
dislodging of material. Due to the nature of the pure sliding experiment shearing experienced at
the interface of the stationary ball and the sliding disc is much lower compared to a sliding-rolling
experiment. In the current case, the ball rotates around its axis, in addition to the disc’s sliding
motion, producing higher shear, and a continuous fresh surface is made available for the material
transformation. Since both the ball and disc are in relative motion, there is a greater shear
experienced at the contact that provides the activation energy for the vitrification of the crystalline
structure. Similar results of shear-induced vitrification and phase changes of crystalline materials
are also seen in other material systems.*>#® Previous studies successfully demonstrated ultralow
friction behavior for a range of solid lubricant materials, including diamond-like carbon (DLC),
molybdenum disulfide (MoS2), and graphene, %-%¢ though only under sliding conditions. The
current study shows that the MoS; and TizCoTx materials’ combination has demonstrated the
viability of using properly designed solid lubricants not only in sliding but also in sliding-rolling
conditions, with friction performance at least as good as oil-based lubricants as shown in Figure

S.

In conclusion, it is demonstrated without any ambiguity that solid lubricant materials have
reached a high technology readiness level for applications in not only sliding but also with
simultaneous rolling components, as high as 100%, albeit with careful selection and processing of
materials. This study shows that multi-layer micro-crystalline materials undergo shear (or slip) that
renders prolonged and reliable lubricity under moderate to high contact pressures. This
demonstration advances the state-of-the-art of solid-lubrication science into complex contact

condition mechanics and thereby opens pathways for complex multifarious applications.
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Figure 1: Scanning electron microscope image of (a) TisCoX MXene powder and an inset showing
a high magnification image showing the accordion-like structure, (b) MoS> powder and inset
showing a high magnification image, (c) Suspension containing well dispersed solid materials (d)
A cartoon showing the deposition process using nitrogen assisted spray coating, and (e) schematic
showing the modified MTM machine setup with nitrogen line connected to the test chamber.
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Figure 2: (a) Summary of friction data recorded at various velocity and load conditions (specific
conditions and the corresponding stable COF values are included next to the data points). The results
further reported in (b) and (c) with the lowest observed friction data are highlighted in purple (30 N, 500
mm/s, 5% SRR) and grey (SRR sweep from 200 % to 5 % at 20 N), correspondingly. (b) The friction data
observed at 20 N normal load, corresponding to 875.2 MPa, under the continuous sweep of SRR from 200%
to 5%. (c) The friction data observed at 30 N normal load, corresponding to 1001 MPa, tested at 5% SRR,
and constant disc speed of 512.39 mm/s, and a ball speed of 487.36 mm/s, corresponding to 5% SRR. (d)
Line profiles of the wear tracks continuous SRR sweep experiments, at 20 N and 100 mm/s initial velocity
and 30 N and 500 mm/s initial velocity experiment. The blue dashed line shows the substrate and coating
interface indicating that the entire deformation seen as the wear track is contained within the materials
deposit, and no wear loss occurred on the substrate steel.
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Figure 3: (a) A photograph of the disc loaded into the analysis chamber of the Raman
Spectrometer. (b) The Raman spectra from the as-deposited coating showing peaks corresponding
to the MoS> and MXene materials. (c) Representative 1D line spectral plot showing the signature
from the sliding path (d) 2D Raman area mapping of the wear track captured from the 1 GPa
sliding experiment. (e) A 3D schematic of the counterbody used was loaded into the analysis
chamber of the Raman Spectrometer. (f) The Raman spectra from the tribolayer formed on ball
showing peaks corresponding to the MoS> and MXene materials. (g) Representative 1D line
spectral plot showing the signature from the transfer layer on ball (h) 2D Raman area mapping of
the wear track captured from the 1 GPa sliding experiment.
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Figure 4: Bright field transmission electron image showing the shear-induced structural
changes in the tribolayer being devoid of the lattice structure. The electron diffraction images
showing an amorphous phase halo and the corresponding TEM-EDS image showing a uniform
distribution of constituent elements in the entire sample.
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Figure Captions

Figure 1: Scanning electron microscope image of (a) TizCoX MXene powder and an inset
showing a high magnification image showing the accordion-like structure, (b) MoS> powder and
inset showing a high magnification image, (c) Suspension containing well dispersed solid
materials (d) A cartoon showing the deposition process using nitrogen assisted spray coating, and
(e) Schematic showing the modified MTM machine setup with nitrogen line connected to the test
chamber

Figure 2: (a) Summary of friction data recorded at various velocity and load conditions (specific
conditions and the corresponding stable COF values are included next to the data points). The results
further reported in (b) and (c) with the lowest observed friction data are highlighted in purple (30 N, 500
mm/s, 5% SRR) and grey (SRR sweep from 200 % to 5 % at 20 N), correspondingly. (b) The friction data
observed at 20 N normal load, corresponding to 875.2 MPa, under the continuous sweep of SRR from 200%
to 5%. (c) The friction data observed at 30 N normal load, corresponding to 1001 MPa, tested at 5% SRR,
and constant disc speed of 512.39 mm/s, and a ball speed of 487.36 mm/s, corresponding to 5% SRR. (d)
Line profiles of the wear tracks continuous SRR sweep experiments, at 20 N and 100 mm/s initial velocity
and 30 N and 500 mm/s initial velocity experiment. The blue dashed line shows the substrate and coating
interface indicating that the entire deformation seen as the wear track is contained within the materials
deposit, and no wear loss occurred on the substrate steel.

Figure 3: (a) A photograph of the disc loaded into the analysis chamber of the Raman
Spectrometer. (b) The Raman spectra from the as-deposited coating showing peaks corresponding
to the MoS> and MXene materials. (c) Representative 1D line spectral plot showing the signature
from the sliding path (d) 2D Raman area mapping of the wear track captured from the 1 GPa
sliding experiment. (a) A photograph of the disc loaded into the analysis chamber of the Raman
Spectrometer. (b) The Raman spectra from the deposited coating showing peaks corresponding to
the MoS> and MXene materials. (c) Representative 1D line spectral plot showing the signature
from the sliding path (d) 2D Raman area mapping of the wear track captured from the 1 GPa
sliding experiment.

Figure 4: Bright field transmission electron image showing the shear-induced structural
changes in the tribolayer being devoid of the lattice structure. The electron diffraction images
showing an amorphous phase halo and the corresponding TEM-EDS image showing a uniform
distribution of constituent elements in the entire sample.

Figure 5: State-of-the-art lubricants’ properties plotted on an Ashby chart type plot!6-1%47-63
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Supplemental Information

The coating thickness of the deposit was measured using KLI Instruments white light
interferometer. A sharp step through the deposit was created using a diamond scribe, and the
step height between the substrate and the top of the coating was measured as coating thickness.

The average coating thickness was 2.5 + 0.15 ym as shown in Supplemental Figure 1.
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Supplementary Figure S1: Coating Thickness
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The SEM — EDS elemental maps of the sliding tracks is shown in Supplementary Figure 2.
This shows the SEM image of the sliding tracks, as well as the elements detected. It is evident that
no underlying steel (Fe signal, yellow) was detected. All other elements remained on the surface.

This shows that the coating remained intact and rupture, exposure of substrate did not occur.
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Supplementary Figure S2: SEM EDS Map showing the elemental distribution
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XPS was acquired using PHI Versaprobe, Al Ka radiation, and the spectra are shown in

Supplimentary Figure 3. The peaks show the presence of Ti, Mo, S and Carbon. No oxygen

content was observed in the tribolayers.
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Supplementary Figure S3: XPS Data
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The hardness and youngs modulus of the coating and wear tracks is shown in Supplimentary Figure
4.

3.0 100
] Hardness 90
2.5 I Modulus 20
@
Qo] L70 =
) (b) 60 §-
415 50 &
Q 40
C —_—
T 1.0 50 @
o N
T, . 20 2
-10
0.0-
Coating Inside Wear Track
0.030
(c) 51
0 0.0201
-—
(0
X 0.015
L
~_~
L 0.010
0.005 -
0.000 -

Coating Inside Wear Track

Supplementary Figure S4: Nanoindentation Data
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