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This paper discusses experimental and computational results of ultralow (near-zero) friction of carbon-coated
metallic depositions on substrates of structural steels, Ti, and Ni alloys. The macroscale superlubricity was
demonstrated and sustained over several cycles through structurally misoriented carbon coatings on the metallic
surfaces. Carbon nanocrystals with variants of graphene footprints were deposited on these metallic surfaces
using a novel high temperature biowaste treatment process. The carbon nanocrystals deform, flatten, and coa-
lesce in the wear tracks to form graphitic films leading to a superlubricious coefficient of friction of ~0.003. A
coating life of ~150,000 cycles with reduced wear rates was obtained on Ni and steel substrates. The experiments
were validated with atomistic simulations providing mechanistic insights into the effects of the graphene variants
on the observed frictionless conditions. The underlying mechanisms of the coating/substrate interactions
contributing to the macroscale superlubricity are elucidated. The implications of the current results are explored
for designing robust and low-cost macroscale superlubricious carbon coatings on metallic substrates. Biowaste is
a carbon source within a circular economy that uses material recycling to reduce the global carbon footprint.

1. Introduction lubrication properties of 2D materials, such as carbon-based coatings

with varying signatures, contribute to the observed superlubricity

Friction is a ubiquitous phenomenon. Globally, ~100 million ter-
ajoules of energy are required to reduce friction, accounting for one-fifth
of energy generated annually [1]. About 1 — 4 % of industrialized
economies’ Gross Domestic Product (GDP) is spent on friction and wear
phenomena [2]. About 30 % of the fuel for passenger vehicles is used to
overcome friction in the transmission, tires, brakes, and engine [3].
Superlubricity is gaining increasing traction due to the need for reduced
energy losses associated with friction and wear phenomena in structural
and functional components. Since its inception in the 1980s [4] and
1990s [5], superlubricity has evolved from the nanoscale (attained using
graphite coatings in 2004 [6]) to the microscale in 2012 [7]. The tran-
sition from the atomistic to the bulk domain is presented in Fig. 1 [8].

Two-dimensional (2D) materials and heterogeneous coatings have
been used to achieve superlubricious state [8-16]. The superior
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mechanism. The sp? / sp® hybridized configuration and associated car-
bon networks provide preferable sites for incommensurable surfaces
[13,17,18]. Nanostructured carbon rollers also induce superlubricity on
metallic substrates [17]. The proposed mechanism that enabled
incommensurability was formation of scrolls or nanoscale bearings and
passivated materials. This reduces intercalation and tribo-catalyzed
(wear interface chemistry modification) surfaces [19]. Reduction in
contact areas due to the coated surfaces has been suggested as a driving
mechanism.

Four main mechanisms of superlubricity have been elucidated based
on the coating-substrate interactions. These are the atomistic inter-
locking elimination [20], disordered mating interfaces driven by weak
van der Waal forces resulting in stick and snap behavior [21], the
incommensurability of atomic scale corrugation of surfaces [3,21] and
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Fig. 1. Timelines for the evolution of superlubricity and the various coating materials applied.

flattening of corrugated surfaces due to significant reduction in potential friction, which is low (below 0.001) and sometimes even negative
energy [22]. These reduce the effect of nanoscale asperities on the [23-25].
mating surfaces, leading to substantial decrease in the coefficient of Few studies have demonstrated the concept of macroscale
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Fig. 2. Average compositions of as-received: (a)1045 Steel, (b) Ti-6Al-4V, (c¢) Ni-Invar and (d) CP Ti.
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Fig. 3. Schematic of the biowaste powder preparation and the carbon nanocrystal deposition during high - temperature biowaste treatment.

superlubricity on metallic substrates [26-29]. Perspectives and reviews
have also been carried out [8,10,13,16,30]. However, most superlubri-
cious surfaces were sustained for not more than 5000 cycles, hindering
scalability, commercialization, and industrial applications [3]. There-
fore, scalability and industrial application hinge on the ability of the
coatings to sustain macroscale superlubricity for extended durations
(above 40,000) under normal atmospheric conditions. Furthermore, the
current deposition techniques used for 2D coatings, such as sputtering
and chemical and physical vapor deposition methods, are expensive and
not economically viable for large-scale depositions. Current deposition
methods’ coating morphology, thickness, and topography are unfavor-
able for macroscale superlubricious contact interactions [31]. These
deposition methods are also not situated within the context of a circular
economy, decreasing rates of using natural mineral resources, and the
need for a low carbon footprint. Therein lies the opportunity for un-
derstanding macroscale superlubricity mechanisms and low-cost
industrial-scale applications on various metallic substrates without
compromising structural integrity.

This work presents a novel bioprocessing method for depositing
superlubricious carbon coatings on metallic substrates. The design of the
experiment was premised on two fundamental questions. Can carbon
nanocrystals and variants of graphene be deposited on bulk metallic
substrates by extracting carbon from low-cost biowaste? Can carbon
coatings be deposited and oriented structurally to achieve macroscale
superlubricity/frictionless conditions for sustained cycles?

Carbon nanocrystals with signatures of graphene variants were
deposited on bulk metallic substrates to answer the preceding funda-
mental questions in superlubricity. The process used a carbon source
from “Manihot esculenta” biowaste. This low-cost and sustainable
approach fulfills the circular economic model - turning waste into usable
raw materials. The technique is simple, easy to design, and less expen-
sive than conventional CVD and PVD techniques currently used for
carbon-based coatings. The structural orientation and morphology of
the deposited carbon nanocrystals (CNC) and graphene variants lead to
robust/sustained macroscale superlubricity on the bulk metallic surfaces
for up to 150,000 cycles. A framework for estimating the coating life of
mechanical components was devised to provide a mechanistic pathway
for coating assessment. The bioprocessing technique significantly
reduced the friction coefficient and wear rates on commercially pure
(CP) Ti, Ti-6Al-4V, Ni-Invar, and structural steel (AISI 1045) substrates.
The implications of the material-manufacturing-mechanisms nexus re-
sults are explored for designing of robust and low-cost macroscale
superlubricious carbon coatings on metallic substrates.

2. Materials and methods
2.1. Composition of metallic substrates and sample preparation
The substrates used in this work i.e., CP Ti, Ti-6Al-4V, Ni-Invar and

AISI 1045 steel were procured from McMaster Carr (Robbinsville, NJ,
USA) as rods with a diameter of ~19 mm. Samples with a diameter of

~19 mm and a length of ~10 mm was then fabricated using a Kala-
mazoo 13AW horizontal bandsaw (Kalamazoo, MI, USA). A water-
cooling medium was used to prevent phase transformation during
specimen fabrication. Before high-temperature treatment, the speci-
mens were ground with SiC paper (from 100 grits to 1200 grits) using
Buehler AutoMet 250 Pro (Lake Bluff, IL, USA), before high temperature
treatment. The compositions of the substrates that were used for the
deposition are given in Fig. 2.

2.2. Preparation of biowaste as a carbon source

Biowaste, i.e., “Manihot esculenta” leaves, were used as the carbon
source. These were dried, milled, and sieved to powder with an average
particle size of ~200 pm. The powder was then mixed with BaCOs in a
ratio of 3:1. The BaCO3 was used as an activation compound for the
carbon nanocrystal deposition. Fig. 3 is a flow chart of the novel High-
Temperature Biowaste Treatment (HTBT) from the processing of the
leaves to the deposition layer at 900 °C.

2.3. Carbon nanocrystal deposition using the high temperature biowaste
treatment

A metallic crucible (mild steel cylinder) that had an inner diameter of
77.4 mm and an outer diameter of 80.2 mm and a height of 200.3 mm
was made for the High-Temperature Biowaste Treatment (HTBT)
(Fig. 3). The cylinder was filled with 622 g of processed biowaste
powder plus a BaCO3 mixture. Three metallic samples were treated at a
time at 900 °C. The 100Cr steel balls and AISI 1045 steel samples were
treated for 3 h. The CP Ti, Ti-6Al-4V, Ni-Invar and another batch of AISI
1045 steel samples were treated for 5 h. The cylinder was sealed with
high-temperature cement at all exposed joints. The specimens were air-
cooled after the treatment. The morphology and deposition stages of the
carbon coating were studied within 1 h time intervals.

2.4. Microstructural characterization

Microstructural characterization of the untreated and treated sub-
strates was done with the JEOL JSM - 7000F Field Emission Scanning
Electron Microscope (Golden, Co, USA) installed with Electron Back-
scatter Diffraction (EBSD) and Energy Dispersive Spectroscopy (EDS)
systems. The secondary electrons were used to take the microstructural
images at 10 kV, a dwell of 5 us and current of 0.8 nA.

Raman Spectroscopy was used to characterize the carbon nano-
crystals on the surfaces of the heat treated substrates, which was also
used to characterize the wear tracks within different time intervals. All
tests were performed at room temperature (21 °C) with a Horiba XploRa
Raman Micro Spectrometer (Kisshoin, Minami-Ku Kyoto, Japan) with
1800-line grating, an aperture of 100, and a slit width of 300. A laser
beam with a wavelength of 532 nm and an optical power equivalent to
~10 mW was used to conduct the tests. The Laser light for the test was
focused with a 100 x lens on an Olympus microscope integrated with the
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Fig. 4. Schematics of molecular dynamics simulation of the friction surfaces of (a) pristine graphene on pure graphene, (b) pristine graphene on graphene oxide, (c)
pristine graphene on carbon nanotubes, (d) pristine graphene on ruptured graphene and (e) pristine graphene on fullerenes.

Horiba XploRa Raman Micro Spectrometer. A silicon wafer (100) was
calibrated with a peak of 520 cm™!. The normalization and baseline
corrections were done with the LabSpec 6 software provided by Horiba
(Kisshoin, Minami-Ku Kyoto, Japan).

The AFM experiments were performed on the surfaces of the sub-
strates after the HTBT treatments using the Park Systems NX20 (Suwon,
Korea) setup. The Park System’s non-contact PPP-NCHR 10 M cantile-
vers were used with silicon nitride tips. The nominal radius of the tips
was 10 nm, and the tip length of 10 - 15 um, as reported by the manu-
facturer. The roughness measurements were conducted in the non-
contact mode on the substrates. The recorded images were 1 x 1 um,
5 x 5 um, and 25 x 25 um at a resolution of 1024 x 1024 pixels and a
scan rate of 0.17 Hz. The surfaces’ root mean square (RMS) roughness

was determined as, Rpms = 1/ L Y7122, where z; is the height at the ith

pixel.

X-ray Diffraction (XRD) analysis was conducted to identify the
phases present in each structure using a PANalytical Empyrean instru-
ment. Subsequently, Highscore Plus software was used for data inter-
pretation. The XRD measurements were initially taken for the uncoated
structure, followed by a post-coating analysis. The comparative results
were overlaid to assess the changes introduced by the coating process.

2.5. Friction and wear tests

The ball-on-disk wear tests were carried out with a calibrated Anton
Paar TRB® tribometer (Peseux, Switzerland) on metallographically
prepared untreated and treated substrates. These were performed at
loads 1 N, 2N, and 5 N. Untreated and treated 100Cr steel balls with a 6
mm diameter were used to determine the friction coefficients and wear
rates. The tests were conducted without lubrication at room tempera-
ture, with a humidity of ~58 %, angular velocities from 100 - 1000 rpm,
and an acquisition rate of 10 — 20 Hz. The tests were pulsed at different
time intervals to enable the analyses of the wear tracks with Raman

spectroscopy, depth characterization, SEM, and EDS. A Taylor Hobson
Surtronic S128 Profilometer (Leicester, UK) was also used to charac-
terize the depths of the wear tracks.

The wear rates of the balls were determined by using the worn-out
ball height. The worn-out height (h) of the 100Cr steel ball was deter-
mined using Eq. (1).

d2
h=r— r-%
r I 4

(@)
where r is the radius of the ball and d is the ball wear scar diameter.

The wear volume of the ball (V) was then calculated using Eq. (2).
The worn-out volume, V,, of the as-received and treated samples was
also determined using Eq. (3). Finally, the wear rate, ky, was then
calculated using Eq. (4).

1 d?
V, = 87zh(3I+ h2> 2
Vw = Ademax (3)
Vi
k= —2 4
F xs @

where A,, = worn surface area, Pdy,x = average penetration depth, F =
applied load and s = sliding distance.

The temperature between the counter body and the substrate were
measured using a Fluke 62 Max industrial infrared thermometer (Fluke
Corporation, Washington, USA). It is single laser targeting device with
10:1 distance to spot ratio. The temperatures were measured in tripli-
cates for each substrate and then averaged. All readings were taken in
degree Celsius ( °C).
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2.6. Molecular dynamics simulations

The Large Atomic/Molecular Parallel Simulator software [32] was
used to simulate the nanoscale multiple contact interactions of graphene
sheets on different substrates (Fig. 4). The OVITO [33] visualization and
analyses software were used to visualize the mating interactions. A time
step of 0.1 fs was used for the simulations. The sliding surface was set as
a rigid body to omit the deformation caused by the loading and sliding
processes. The upper layer of the mating surfaces comprised a single
graphene sheet, while the respective mating substrate surfaces consisted
of three graphene sheets. The size of the upper graphene layer was 20 A
x 20 A and that for the downward substrates was 100 A x 100 A. The
boundary conditions for the X and Y directions were set to vary peri-
odically, whiles those for the Z directions were fixed. The maximum
cut-off radius used was set to half the size of the layers to ensure that the
periodic boundary conditions were satisfied and to obtain uniformly
distributed stresses in the simulation box (size effect errors were
removed). The system was configured to prevent interactions between
the mating surfaces before sliding was initiated; It was set to relaxation
for the initial step of the simulation.

The conjugate gradient method was used for energy minimization,
whiles equilibration was achieved with thermostat and barostat en-
sembles (each for 1 ns). A downward load of 200 nN was exerted on all
the atoms of the moving layer. A consistent interaction was, therefore,
obtained between the sliding surfaces. The sliding velocity was set to 10
m/s along the X-axis. The NVE ensemble with a Langevin thermostat
was used in the system for the loading and sliding steps. The friction
force (f) was calculated as the sum of the forces that act on the substrate
along the X-direction. The normal load (N) was also calculated as the
sum of forces on the substrate in the Z-direction. The friction coefficient,
u, was then calculated as ¢ = — f/N.

Two potentials were used in these simulations. The AIREBO potential
[34] was used for interactions between carbon atoms in the system. This
potential allows covalent bonds to be formed and broken during contact
interactions which suits the atomic hybridization in carbon-based sys-
tems. The force field used with this potential comprised of three types of
interactions, given in Eq. (5).

E = %ZZ E}{;EBO + EIIIJ + Z ZEIZ;;?RSION (5)
i i ki jli )k
The REBO (reactive empirical bond-order) potential which calculates
reactive interactions between carbon atoms, was also used in the sim-
ulations. These interactions are highly coordination dependent. The
attraction between the I and J base atoms was adjusted to nearby atoms.
Eq. (6) was then used to determine the REBO potential (Ergpo)-

Erepo = ZZ [VR (rU) +b7i/'vA (r,:/-)}, (6)

ioj>i
where the term E is given in Eq. (7)

[/

— 1 .

by=3 (i + by) + T + by 7
and H{}?C describes radicals and conjugate versus non-conjugate struc-
tures. Additionally, bgH is the double bond and conjugate bond torsion

term, given in Eq. (8).

1

b,j =11 + E ’ik(rik)G(COSGk,‘j)eaw[(r'iikt-;q)i( 'AiR:’:)] + PU (N[C,N‘H) (8)
k#ij
The Lennard-Jones term was used to calculate the longer-ranged

interactions. The coefficient for the part of the potential was pre-
defined as occ = 3.4;, and Eq. (9).
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A torsion term for 4-body interactions was added to consider dihe-
dral angles. The carbon and oxygen atomic interactions were calculated
with Lennard-Jones potential. The dispersion energy and balance dis-
tance values were taken from the literature [35].

2.7. Hertzian contact between the surfaces

Hertzian contact theory estimated the stresses and deformation be-
tween the two mating surfaces. The contact between the two surfaces
depends on the radius of the contact circle, a, indenter load, P, and
indenter radius, R. The indentation depth was calculated using Eq. (10),
whereas the contact area radius, a, was calculated using Eq. (11).

R H

ur (ﬁ) a0
RF\?

am @ F) an

Where the term E, is the reduced elastic moduli and was calculated
using Eq. (12)

1 1/1-v} 1-v3

i 12

E 2 ( E | E 12)
Eq, vi, Es, vy are elastic moduli and Poisson ratio of the sphere and

plane, respectively. The maximum stress between the sphere and plane
was then calculated using Eq. (13).

20 3
P % % —04 (Er F> 13)

RZ

The indenter’s contact area and the maximum stress was determined
using Eqs. (10) - 13 to be 52 um and 224 MPa, respectively.

In addition to Hertzian contact theory, we utilized finite element
modeling to determine temperature changes during wear testing,
employing the ABAQUS software suite for these computations. The di-
mensions of the ball and substrate were matched to experimental con-
ditions. We engaged an explicit coupled thermal-displacement analysis,
starting at an initial system temperature of 300 K. The simulation
involved rotating the substrate at 1000 rpm, fixing the ball in the X and Y
axes, and applying a 2 N downward force on the ball. Friction at the
interface was assumed to convert all frictional energy into heat, with a
coefficient of friction aligned with the maximal values obtained exper-
imentally. Moreover, convective heat loss to the ambient air at 295 K
was accounted for on all free surfaces. Material properties for the
simulation adhered to the specifications [36].

2.8. Hardness test

Micro-indentation measurements were done on the untreated and
treated substrates with the Wilson VH3300 hardness tester (Lake Bluff,
IL, USA). The Vickers indenter with conical diamond tip was used for the
hardness readings. A load of 5 N was applied on the substrates and the
indent diagonal lengths were measured with a microscope attached to
the hardness tester. The dwell time for all the loads was 10 s, according
to the ASTM E2546 — 15 standards. All the Vickers hardness results were
then converted to SI units.

3. Results and discussion
3.1. In situ carbon nanocrystal development

A novel High-Temperature Biowaste Treatment (HTBT) method was
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Fig. 5. Stages of deposition of carbon nanocrystal coatings showing: (a) introduction of carbon onto the substrate, (b) crystallization of carbon on the substrate, (c)
nanocrystals deposition with vertical and horizontal orientations on the substrate (d) carbon nanocrystals forest on the substrate, (e) fused carbon nanocrystals on
substrate with multilayered graphene patches. Non-contact mode AFM showing (f) Ti-6Al-4V, (g) 1045 Steel, (h) Ni Invar and (i) CP Ti. (j) RMS roughness for the
surfaces of the treated substrates, and (k) maximum deposited height of carbon nanocrystal coating on substrates, (1) hardness values under treated and un-
treated conditions.
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Fig. 6. The SEM images of carbon nanocrystals deposited on Ni-Invar showing: (a) columns of carbon nanocrystal precipitates, (b) fused column layer and the plate-
like top coating, (c) high magnification of top carbon nanotube meshed coating and (d) irregular top carbon nanotube meshed coatings with the Raman spectra (e-h)
showing graphene signatures.
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Fig. 7. (a-d) SEM images of Carbon nanocrystals deposited on CP Ti substrates and their Raman spectra (e-h).

used to deposit the carbon nanocrystal coatings. A schematic illustration
of the multiple stages of in-situ deposition of the carbon coatings studied
within time intervals is shown in Fig. 5. The stages of the in-situ coating
deposition started with the diffusion and saturation of carbon into the
substrate at 900 °C (Fig. 5(a)). The depth of diffusion and saturation is
driven by the solubility of carbon in the substrate [37]. After the surface
saturation with carbon, carbon crystals precipitated on the substrate
(Fig. 5(b)). The carbon crystals developed into misoriented multiwalled
nanotubes, as shown in Fig. 5(c), resulting in the formation of forest-like
nanostructures on the substrate (Fig. 5(d)).

The nanocrystals fused at the walls to form a column base for the
coating, after which patches of carbon nanocrystals form an upper plate-

like layer on it, as shown in Fig. 5(e). The Atomic force microscopy re-
sults (Fig. 5 (f - k)) revealed irregular surfaces with multiple micro- and
nano-contact points in all the treated substrates. The root mean squared
(rms) roughness values obtained for the 1045 steel, Ti-6A1-4V, CP Ti and
Ni-Invar were 231.3 nm, 158.9 nm, 295.5 nm, and 204.1 nm, respec-
tively. The respective maximum height of the microcontact points was
1439 nm, 1428 nm, 468.7 nm, and 717.9 nm for 1045 steel, Ti-6Al-4V,
CP Ti and Ni Invar. These features, coupled with the misoriented facets
of the carbon nanocrystals, are a prerequisite for incommensurability, a
condition needed for superlubricious interactions [3,6].

The hardness results of the untreated and treated substrates as shown
in Fig. 5(1) reveal an increase in the hardness of the treated substrates.

1000 2000 3000

Ihtensity (a.u.)

2000 3000
Raman Shift (cm™)

Fig. 8. (a-d): SEM images of carbon nanocrystals deposited on Ti-6A1-4V substrates and their Raman spectra (e-h).
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Fig. 9. (a)-(d), SEM images of Carbon nanocrystals deposited on 1045 steel substrates and their Raman spectra (e-h).

The hardness of the untreated 1045 steel, Ni-Invar, Ti-6Al-4V and CP Ti
substrates were 2.68 + 0.028 GPa, 1.66 + 0.04 GPa, 3.36 + 0.1 GPa and
2.27 + 0.14 GPa, respectively. These were increased to 2.93 + 0.18 GPa,
1.82 + 0.04 GPa, 5.48 + 0.12 GPa and 4.85 + 0.11 GPa for the treated
1045 steel, Ni-Invar, Ti-6Al-4V and CP Ti substrates, respectively. These
indicate 9.5 %, 10 %, 63 % and 114 % increase in the hardness of the
treated 1045 steel, Ni-Invar, Ti-6Al-4V and CP Ti substrates, respec-
tively. These increase in the hardness of the substrates were attributed to
the presence of the carbon coating and diffusion of carbon into the
substrates [37-42], which can give rise to a range of dislocation-carbon
interactions that increase the overall hardness of the materials [43].

The SEM images of the Ni-Invar substrates with the various Raman
spectra are given in Fig. 6. This layer formed ridges and patches that
covered most of the substrate surface. Vertically oriented crystals were
observed to nucleate from the substrate. These created the base structure
of the carbon coating (Fig. 6(a)). The top layer was made up of nanofiber
mesh of nano tubes with an average diameter of ~30 + 12 nm (Fig. 6
(c)). The Raman spectra of the carbon coatings (Fig. 6 (e-h)) had D bands
at 1350 cm ™, G bands at 1570 cm ™! and 2D bands at 2700 cm™! po-
sitions. The intensity ratio Ip/Ig was 0.88 and the I5p/Ig was 0.74. This
carbon signature from Raman scatter is associated with defective
multilayered and multiwalled graphene platelets and nanotubes [40,
44-49].

The SEM images of the carbon nanocrystals on CP Ti substrates with
Raman spectra are shown in Fig. 7. These had misoriented nanocrystals
deposited with patches of graphene platelets. The average length of the
misoriented nanocrystal structures was ~500 + 83 nm with an average
diameter of ~80 + 57 nm. The Raman spectra for the carbon nano-
crystals on the CP Ti substrates (Fig. 7 (e-h)) had D peaks at 1346 cm ™!,
G at 1588 cm ™! and 2D peaks at 2701 cm ™! positions. The intensity ratio
for Ip/Ig was 1.1 and that for Iop/Ig was 0.69. This intensity is synon-
ymous with Raman signature for multiwalled carbon nanotubes [44,46,
50]. The disorder in D and G peaks can be attributed to the Ti-doping of
the graphene structure [51].

The SEM images and Raman spectra obtained for the carbon nano-
crystals deposited on the Ti-6Al-4V substrates are given in Fig. 8. The
SEM images show randomly oriented carbon nanocrystals on the surface
of the substrates. The Raman spectra (Fig. 8 (e —h)) had D bands at 1346
em™!, G bands at 1578 cm ™! and 2D bands at 2665 cm ™! positions. The

Ip/Ig ratio was 1.0 and that of Iyp/Ig was also 0.84 which are Raman
signatures linked to Ti and Al-doped multiwalled carbon nanocrystals
[51].

The SEM images and Raman spectra of the carbon nanocrystal
coating on the 1045 steel substrates are presented in Fig. 9. These reveal
vertical carbon nanocrystals, sintered graphene plates and multiwalled
nanotubes on the substrates. The Raman spectra (Fig. 9 (e - h)) for this
coating had a D band for at 1346 cm ™, a G band for 1577 cm ™! and a 2D
band for 2695 cm ™ ?, respectively. The Ip/Ig intensity ratio was 0.74 and
that for I,p/Ig was 0.68. These ratios were associated with defective
multilayered/multiwalled graphene deposits [40,44-49].

3.2. Superlubricity and coefficient of friction evolution

The Friction coefficient plots obtained from the untreated and
treated metallic substrates are presented in Fig. 10. Typical topographic
images of the mating surfaces obtained using non-contact mode AFM are
demonstrated in Fig. 10(a). These are incommensurable surfaces with
apparent multiple nano- and microcontact points. Fig. 10(c) shows ultra-
low friction results for the sliding test on the treated 1045 steel and Ni-
Invar substrates. The three main transition zones of friction coefficients
and associated microstructural characterization of the graphitic coating
are given in Fig. 10(c (i - iii)). The initial state was associated with low
friction coefficients from 0 to ~1000 cycles before a transition to ultra-
low CoF values up to ~0.003 and ~0.01 (for cycles above 1000 for the
treated Ni-Invar and 1045 steel substrates (Fig. 10(c)). The initial low
CoF phase was associated with preliminary multiple microcontact in-
teractions between the walls of the carbon nanocrystals on the con-
tacting surfaces. The SEM image of the carbon nanocrystals on the wear
tracks is presented in Fig. 10(c (i)). The irregularly deformed surfaces
reveal evidence of flattening carbon nanocrystals with a range of
orientations.

Continuous load bearing and sliding action led to the deformation,
coalescence, and fusion of carbon nanocrystals into graphene composite
flakes (Fig. 10 (c (ii))). These flakes subsequently coalesced into gra-
phene nanocomposite films (GNCF) that intercalated between the
treated 100Cr steel ball and the treated substrates, as shown in Fig. 10 (¢
(iii)). The corrugated graphitic films (on the ball and substrate) sepa-
rating the contacting surfaces at the micron and submicron scales (as
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Fig. 10. AFM, SEM and friction results showing (a) non-contact mode AFM topographical results of mating surfaces showing incommensurable multiple nano- and
microcontact points, (b) Coefficient of Friction versus the number of cycles plot of treated 1045 steel (treated for 5 h at 900 °C, 2 N load and 1000 rpm) and treated
Ni-Invar (treated for 5 h at 900 °C, 1 N load and 1000 rpm), and (i-iii), their underlying SEM images at various stages of carbon nanocrystal deformation; (c) CoF
evolution curves for the treated Ni-Invar (treated for 5 h at 900 °C, 1&2 N load, 1000 rpm), 1045 steel (treated for 3 h at 900 °C, 2 N load, 1000 rpm), CP Ti (treated
for 5h at 900 °C, 2 N load, 1000 rpm) and Ti-6Al1-4V (treated for 5 h at 900 °C, 2 N load, 1000 rpm) substrates, (d) Friction coefficients for the treated and untreated
metallic substrates. Coefficient of Friction versus number of cycles plots in the stabilized regimes of treated substrates (tests done with treated 100Cr Steel ball), as
compared to untreated substrates (done with untreated 100Cr Steel ball) of (e) Ni-Invar, (f) Ti-6Al-4V (g) 1045 stee and (h) CP Ti.

shown in Fig. 17(i)-(1)) provide the conditions required for sustained
macroscale superlubricity [3]. The ultra-low friction regimes are asso-
ciated with the flattening of corrugated surfaces as shown in Fig. 10(c)
(i-iii)) and Fig. 17 (i-j), which results in decreasing friction force as the
normal force increases [3,22,52]. The root mean square roughness
values of the nano- and microcontact points on the 1000 cycles wear
tracks of the treated Ti-6Al-4V, CP Ti, Ni-Invar and 1045 steel were 65 +

8.03 nm, 129.59 + 27.31 nm, 122.1 + 34.22 nm and 128.6 + 40.12 nm,
respectively. These roughness values were lower than those observed
before the wear tests were conducted, due to the flattening and forma-
tion of the graphene nanocomposite films in the wear tracks.

The evolution of CoFs for the treated substrates is shown in Fig. 10
(b). The CoFs increased from plunging states at the beginning of the test
to stable mean values. On average, these were sustained for several
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Fig. 11. Mechanistic simulations and wear life of coatings showing (a) schematic of the ball on disk setup for MD simulation, (b) coefficient of friction and the
coating life merit index of Ni-Invar, 1045 steel, and Ti alloys, showing the range for the graphitic protection on the substrates. (c) coefficient of friction and friction
force simulations schematic and results for graphene on pure graphene, graphene oxide, carbon nanotubes, fullerene, and raptured graphene surfaces (d) wear rate of
the treated and untreated balls used as counter body, (e) wear rate of treated and untreated substrates.

cycles (depending on the material) before transitioning to high friction
coefficients. These trends indicate of a change in the friction mecha-
nisms and the end of the graphitic protection. After the initial plunging,
the CoF for the treated Ni-Invar at 1 N load was stabilized at a mean
value of ~0.007 and maintained for ~120,000 number of cycles to
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failure with a corresponding CoF of 0.5. However, at 2 N, the mean
stabilized CoF was at ~0.027 and was sustained for ~150,000 cycles to
failure before transitioning to a mean CoF of 0.58. For the 5 N load at
500 rpm, a high CoF of 0.29 on average was observed in the stabilized
regime. The corresponding number of cycles to failure sustained was
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Fig. 12. (a) Summary of conditions for friction experiments indicating the preconditions for the superlubricity regime with substrates treated for 5 h, (b) schematics
showing the finite element model (c) finite element analysis based on the dissipation of heat between the mating surfaces.

~70,000 cycles before transitioning to a higher CoF value. The stabi-
lized CoF obtained for the treated 1045 steel (treated for 3 hrs) was 0.15
on average. This value was sustained for ~100,000 cycles, with an
average final transitioned CoF value of 0.6.

The CoF of the treated Ti-based alloys showed a similar trend to the
Ni and 1045 steel alloys. The CP - Ti alloys were stabilized at ~0.12 with
corresponding number of cycles to failure being ~18,000 and transi-
tioned at CoF of 0.58 on average. For the treated Ti — 6Al — 4 V, the
stabilized CoF was ~0.098 and sustained for ~20,000 cycles. After the
deterioration of the carbon coatings, there was a transition from the low
CoF to a high value of 0.57 on average. The extent of CoF reduction for
the treated and untreated substrates in the stabilized regime is shown in
Fig. 10 (e-h). The reduction of the CoF of the treated metallic substrates
was on average 95.8 % for Ni Invar, 94.8 %, for 1045 steel, 70.7 % for Ti-
6Al-4V and 68.9 % for CP — Ti (Fig. 10(d)). This overall reduction is due
to the graphitic protection that enhanced carbon-carbon interactions on
the coated surfaces. Although, the CoF and the number of cycles to
failure of the carbon-coated CP - Ti substrate was lowest, it was higher
than data for some alloys published [17,53]. The number of cycles to
failure is enough to ensure that catastrophic failures are prohibited for
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most standard applications with less aggressive abrasive and adhesive
wear. The extended number of cycles to failure on the Ni — Invar and the
steel alloys would also lead to a prolonged lifecycle for materials used in
high friction and wear applications.

Nano- and micro-scale superlubricity have been observed on
graphitic [6] and heterogeneous surfaces [54], whereas
centimetres-long superlubricity has been observed in double-walled
carbon nanotube experiments [55]. However, the challenge with these
experiments is the limited contact interactions between the mating
surfaces, which could not induce sustained macroscale superlubricity.
Large-scale nano- and microcontacts interactions (as shown in Fig. 17
(i-]) are needed to achieve sustained macroscale superlubricity, with
high proportions of the nano- and microcontacts under a superlubricious
state [6,17]. Thus, a minority of microcontacts will therefore be in the
registry, preventing full commensurability.

In our work, the GNCF induced large-scale nano and microcontact
points on the substrate and the counter body (100Cr ball), contributing
to the observed macroscale superlubricity with sustained coating life.
Corrugated and incommensurable graphene nanocomposite films be-
tween the contacting surfaces also enable this effect. Within the GNCF
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Fig. 13. (a)-(d), SEM images of graphene nanocomposite film on 30 min wear track of Ni-Invar; (e)-(h), EDS results of 30 min wear track of treated Ni Invar,
indicating the presence of Fe, C, O and Ni respectively in the wear tracks; (I), SEM image of wear track in the untreated Ni-Invar substrate, after 30 mins of wear (J)-
(m), Raman spectra of the composite film in the wear track, indicating the presence of graphene nanocrystals; (n), Raman spectra of 30 min wear track of untreated

Ni-Invar showing Nickel oxide peaks.

are carbon nanocrystals that have not been smoothen and serve as car-
bon nano rollers contributing to reduced coefficients of friction. The
sustained number of cycles to failure were ~120,000 for Ni — Invar and
~100,000 for steels. Although, Ti had the lowest number of cycles to
failure of ~18,000, it is ~70 % higher than what has been reported [17,
53]. The reduction in CoF and number of cycles to failure values with
our method are significant improvements and novel contributions to
understanding mechanisms associated with graphene and carbon-based
coatings on various metallic substrates.

The microstructural characterization of the wear tracks (Figs. 13
—16) and different variants of carbon signatures were resolved by
Raman Spectroscopy. The Raman spectroscopy as shown in Fig 15 (j, k, 1,
m) confirmed the different carbon variants in the wear tracks. From the
spectra, I, ratio of 1.04 for graphene oxide, 0.95 for defective or doped
multiwalled graphene, and 0.99 for carbon nano tubes/fullerenes were
observed. These different carbon signatures based on the Ip g ratios are
consistent with published literature [17,47,49,56,57]. The differences in
the peak height and morphology of these carbon variants provide the
condition for micro contacts points needed to induce superlubricious
behaviour on the carbon coated metallic surfaces.

Molecular dynamic simulations were used to provide insights into
the mechanisms of the different carbon signatures on superlubricity.
This was to ascertain the superlubricious interactions between the
substrates and the counter body. The schematic of the ball on disk setup
for MD simulation is given in Fig 11(a). The simulations show variations
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in the friction coefficients as the graphitic ball surface slides over
different graphene variants on a graphene substrate (Fig. 11(c). The
mean CoF values obtained from the simulations were 0.02, 0.11, 0.003,
0.007, and 0.01, for the sliding of pure graphene, graphene oxide, car-
bon nanotubes (CNT), fullerene and raptured graphene interactions,
respectively. These simulations provide insights into the possible
superlubricious nano- and microcontact interactions expected under the
ball. The mechanisms observed in the simulations confirmed the
reduction of the CoF values by unsmoothed carbon nanotubes and ful-
lerenes, which serve as nano rollers in the contacting surfaces. The
superlubricity of the graphitic surfaces is also attributed to atomistic
configurations in the carbon nanocrystals’ sp? / sp° carbon shells. These
hinder the possibility of atomistic locking in this mechanism [17]. Thus,
the interacting layers do not have an energetically desired position with
respect to each other. Hence, they slide past each other with negligible
energy loss [58]. Thus, the energy barrier to lateral motion is almost
eliminated.

The friction coefficient with the coating life achieved in the stabi-
lized regime for the metallic substrates is given in Fig. 11(b). The coating
life was estimated as the number of cycles in which the low CoF values
(< 0.2) were sustained before transitioning to values comparable to
those of the untreated substrates. The Ni-Invar had the broadest range of
coating lives within the current tested range of carbon-based coatings.
The 1045 steel followed this, and then the Ti alloys (which had low
cycles to failure with high CoF values in the stabilized regime).
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Fig. 14. (a)-(d): SEM images of graphene nanocomposite film on 3 min wear track of CP-Ti, (I —h): EDS results of 3 min wear track of CP-Ti, indicating the presence
of Fe, C, O and Ti in the wear tracks, (i): SEM image of 30 min wear track of untreated CP-Ti showing abrasive and adhesion wear, (j — m): Raman spectra of the
composite film in the wear track, showing graphene nanocrystals and multiwalled nanotubes; and (n): Raman spectra of 30 min wear track of untreated CP-Ti with

titanium oxide peaks.

The significant reduction of CoF values and the more extended
number of cycles to failure in the stabilized regime were associated with
the surfaces in which the Raman footprints reveal the presence of
multilayered and defective graphene footprint, which were on the Ni-
Invar and 1045 Steel substrates. It is also important to note that
Raman signatures for multiwalled carbon nanotubes/crystals were
observed on CP Ti and Ti-6Al-4V substrates after the deposition of car-
bon (Fig. 7 and Fig. 8). These had high CoF values and shorter numbers
of cycles to failure in the stabilized regimes. The superlubricity condi-
tions were identified for loads 2 N and below, at 1000 rpm on substrates
that were treated for at least five hours at 900 °C (Fig. 12). Relatively
high CoFs have been associated with tests done from 100 - 500 rpm [59,
60]. In this work it was observed that at low velocities (100-500 rpm)
the GNCFs delaminated quickly, and this leads to increase CoF values,
while at a higher velocity (1000 rpm) the GNCF did not delaminate, but
remained attached to the substrates, resulting in lower CoF values. Prior
work [59,60] has also shown the dominance of graphene film delami-
nation at relatively low sliding speeds [58,59].

In Fig. 12(a), the angular velocity for the wear test was varied be-
tween 100 and 1000 rpm, with corresponding wear track radii adjust-
ments from 3 — 5 mm. These variations resulted in linear velocities
ranging from 0.0314 m/s to 0.5236 m/s. These velocities are applicable
to diverse applications, spanning from automotive to aerospace in-
dustries, reflecting their practical relevance.

The temperatures at the contacting surfaces as measured with the
infrared thermometer are 25 + 0.28 °C for Ni-invar, 24 & 0.32 °C for
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steel, 27 + 0.4 °C for Ti-6Al-4V and 26 + 0.35 °C for CP — Ti. The
observed trends were function of the rate of dissipation of heat into the
substrate due to the relative motion between the substrate and the
counter body (100Cr balls). The measured temperatures are affected by
dynamic heat loss effects during relative sliding of the surfaces in con-
tact. The finite element simulations estimated the temperature at the
contacting surface to be about 25 + 1 °C, which is consistent with the
experimental results (Fig. 12(c)).

The above results are consistent with observations of phenomena
that are associated with sliding contact of carbon-based materials [18].
Since carbon undergoes tribological oxidation and transformation of
graphene structures at the mating surfaces during contact interactions
[50], this leads to a drastic reduction in CoFs and wear rates of the
carbon-coated metallic substrates (Figs. 11, 13-16).

3.3. Wear of carbon nanocrystal coating on metallic substrates

The wear experiments on the carbon-coated and uncoated metallic
surfaces revealed different wear rates and coating life. These wear
behaviour and coating lives are dependent on the deformation, cracking,
and removal of the graphene nanocomposite films (GNCFs) (Fig. 13-17).
The GNCFs were formed and sustained in the wear tracks for different
cycles to failure and time durations. The extent of the carbon coating
and associated protection controlled the mechanisms of wear on the
treated substrates.

The SEM images of the wear tracks on the Ni-Invar in Fig. 13 (a-d) (as
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Fig. 15. (a)-(b), SEM images of graphene nanocomposite film on 11 min wear track of Ti-6Al-4V; (c)-(g), EDS results of 11 min wear track of Ti-6Al-4V, indicating
the presence of Ti, O, C, Fe and Al respectively in the wear tracks, (h) SEM images of graphene nanocomposite film on 11 min wear track of Ti-6A1-4V, (i) SEM image
of 30 min wear track of Ti-6A1-4V showing adhesion and abrasive wear mechanisms and (j)-(m) Raman spectra of the graphitic film in the wear track, indicating the
presence of graphene nanocrystals and doped graphene crystals and (n), Raman spectra of 30 min wear track of Ti-6Al-4V showing Titanium oxide peaks.

characterised from three minutes to two hours during wear) reveal the
presence of the graphene nanocomposite film in the wear tracks. The
film forms under the dynamic contact conditions associated with the
sliding of the treated ball on the carbon nanocrystals in the coating,
while the GNCF forms on both the ball’s surface and the substrate.
Cracks and wear debris of the GNCF are observed in the wear tracks, as
the number of cycles increases. The GNCF was removed from the wear
tracks after ~150,000 cycles of the experiment with a 2 N load. The
wear rate of the coated structure was also reduced by ~86 % as
compared to the untreated substrates. The EDS analyses (Fig. 13 (e-h))
show substrate elements such as Ni and Fe mixed into the GNCF. The
EDS also detected oxygen combining with carbon and the substrate el-
ements to form tribological oxidated products.

The Raman spectra of the GNCF had D at 1346 cm ™}, G at 1597 cm ™!
and 2D bands at 2700 cm™! (Fig. 13 (j-m). The intensity ratio Ip, was
1.27, whereas that of Iop,g was 0.5. This Raman signature is synony-
mous with graphene nanocrystal films from chemical exfoliation [51,
61] and those on wear tracks of diamond-like carbon surfaces [17]. The
graphene nanocrystal films were dominant in the Raman scatter results.
However, there were distortions in the initial Raman peaks for the
carbon coating on the substrates. This confirms the occurrence of tri-
bologically induced graphitization. The graphitization of the coating
layers occurs due to high stresses and temperatures under the counter
body, distorting the carbon structure [51,62].

Fig. 13(i) presents an SEM image of a wear track in the untreated Ni-
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Invar substrate, after 30 min of wear with an untreated 100Cr steel ball.
Abrasive wear with surface damage dominates the wear tracks with
traces of adhesion wear leading to higher wear rates in the untreated
material than in treated ones. No evidence of these two mechanisms was
observed on the surfaces of the treated substrates, when the GNCF
covered most of the wear tracks, thus prolonging the wear live/cycles to
failure. The Raman spectra of the debris on the wear tracks on the un-
treated material (Fig. 13(n)) revealed the presence of NiO and Fe;O3
peaks, which resulted from the adhesion wear interactions of tribolog-
ical oxidation products.

The SEM images of the wear tracks of the treated 100Cr steel ball on
treated CP Ti substrates is given in Fig. 14 (a-d). These images show the
early stages of graphene nanocomposite film formation. The multi-
walled carbon nanotubes deform, flatten and merge to form the GNCFs
under tribological conditions. Preventing the direct contact of the ball
material with the substrate material. Thus, the adhesion and abrasive
wear mechanisms (Fig. 14(i)) observed on the untreated ball and sub-
strate wear were prevented at this stage of the wear process. The SEM
images confirm that the GNCF is removed from the wear tracks after
~18,000 cycles of the wear experiment, showing the end of graphitic
protection. Subsequently, abrasive wear, with traces of adhesion wear
mechanism dominates the wear. The EDS results also show that Ti and
Fe from the substrate and ball materials form part of the bulk chemistry
of the GNCF. The results also reveal carbon from the graphitic coating
and oxygen from tribological oxidation (Fig. 14 (e-h)).
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Fig. 16. (a)-(b), SEM images of graphene nanocomposite film on 30 min wear track of 1045 steel; c-d, SEM images of graphene nanocomposite film on 1 h 30 min
wear track of 1045 steel; e-g, EDS results of 1 h 30 min wear track of 1045 steel, indicating the presence of C, O and Fe respectively in the wear tracks, h, SEM image
of 30 min wear track of untreated 1045 Steel showing adhesion wear mechanisms, i-m, Raman spectra of the composite film in the wear track, indicating the presence
of graphene nanocrystals and graphene oxide; and n, Raman spectra of 30 min wear track of untreated 1045 steel showing iron oxide peaks.

The Raman spectra of the wear tracks also showed the distortion of
the original carbon footprint on the CP Ti substrate. The spectra revealed
the presence of graphene nanocrystals with D, G and 2D bands at 1346
em™}, 1592 cm™}, and 2694 em ™2, respectively (Fig. 14 (j — m). Carbon
signatures, identical to those of the multiwalled carbon nanotubes in the
original graphitic coating, were also detected in the wear tracks. Raman
spectra for the wear tracks of the untreated substrates show the presence
of TiO and FeyOs debris from the adhesion wear and tribological
oxidation activities during the wear process (Fig. 14(n)). The wear rate
for the treated CP-Ti substrates was reduced by 84 %, when compared to
those of the untreated CP-Ti substrates (Fig. 11 e).

The wear tracks on the treated Ti-6Al-4V substrates are shown in the
SEM images in Fig. 15 (a, b, h). These revealed the presence of the GNCF
in the wear tracks. The graphitic protection lasted for ~20,000 cycles on
these tracks, obscuring the direct contact between the ball material and
the substrates. The aggressive abrasive wear with surface cracks and
micro groves observed on the untreated Ti-6Al-4V wear tracks (as shown
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in Fig. 15(i) was prevented during the early stages of wear in the treated
substrates. Also, the surface damage and micro groves observed on the
wear tracks of the untreated substrate were precluded because of
graphitic protection. However, the EDS analyses (Fig. 15 (c — g)) of the
wear tracks showed segregation of interacting elements in the wear
tracks. The Fe from the 100Cr steel ball was detected at the top of the
GNCF layer with little interaction with the substrate material. Oxygen
was also detected in regions with high Fe concentrations, suggesting the
presence of iron oxides in the GNCF layer, which can be attributed to the
effects of tribological oxidation during the wear process.

The Raman spectra of the GNCF on the Ti-6Al-4V wear tracks reveal
a change in intensity and structure of the carbon signatures, compared to
those of the multiwalled carbon nanotubes detected before the wear
tests. The D, G, and 2D peaks were located at 1346 cm’l, 1578 cm’l,
and 2694 cm ™}, respectively (Fig. 15 (j-m). Three I intensity ratios
which are 1.04, 0.95, and 0.99, were detected in the Raman signatures.
These ratios indicate the presence of Ti-doped graphene, graphene
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Fig. 17. SEM images of the treated ball for (a) graphene nanocomposite film in ball wear scar for Ni, (b) wear debris pile-up on the ball, (c) 40 mins wear scar on Ti-
6Al-4V, (d) 40 min wear scar on CP-Ti; (e-h) EDS results of 40 min wear scar of ball used on treated CP-Ti, indicating the presence of O, Fe, and Ti, respectively, in the
wear scar with surrounding deposited carbon. (i)-(1) AFM results of multiple nano- and micro-contact points on the 1000 cycles wear tracks of Ti-6Al-4V, 1045 Steel,
CP Ti and Ni-Invar, respectively, (m) Root mean square roughness analysis of the wear tracks of the treated substrates.

nanocrystals, and graphene oxide structures in the graphitic film on the
wear tracks. The Raman spectra of the wear debris on the untreated
substrates show TiO and FeyO3 peaks in the results (Fig. 15(n)). This
relates to adhesion wear interactions from the tribological oxidation of
the ball material and the substrate.

The SEM images of the wear tracks of the treated 1045 steel substrate
at different time intervals are given in Fig. 16 (a — d). The wear tracks
were protected by the GNCFs, which were fully developed in the wear
tracks taken ~30 min after the commencement of the wear experiment
(Fig. 16 (a-b)). This film prevented the direct contact of the 100Cr ball
with the substrate. The SEM images in Fig. 16 (c — d) taken at ~ 90 min
after the start of the test, showed depletion of the GNCF on the wear
tracks due to the impact of the wear action of the counter body. The
wear mechanisms of the untreated 1045 steel substrate are dominated
by the adhesion and abrasive (Fig. 16(m)). The EDS analyses (Fig. 16 (e -
g)) of the wear tracks showed high concentrations of Fe and O on the
graphitic layers, indicating the presence of iron oxide in the graphitic
layers.

The Raman spectra for the wear tracks show the presence of gra-
phene oxide with D bands at 1341 cm ™}, G bands at 1601 cm ™! and 2D
bands at 2722 em ™! as shown in Fig. 16 (1 - m). The corresponding in-
tensity ratio Ip,g was 1.02 and that of the Iop,g was 0.87. The Raman
spectra (Fig. 16(n)) for the wear tracks of the untreated surfaces indicate
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the presence of Fe;O3 in the wear debris. The wear rate of the treated
substrates was reduced by 77 % compared to the untreated substrates
(Fig. 11 e).

The wear scars on of the treated balls used for the wear tests showing
the GNCF with the graphitic protection are shown in Fig. 17. The wear
debris piled up at the edges of the scar. The EDS analyses of the wear
scars (Fig. 17 e — h) showed oxides which is characteristic of high
amounts of O, Fe and C in the wear debris. The presence of iron oxide
and graphene oxides in the wear debris are products of tribo-oxidation
films. There were traces of the substrate elements in the wear scars as
shown by the EDS analyses. The wear rates of the counter body (balls)
used against the various substrates reduced by 80 % for CP Ti, 84 % for
Ti-6A1-4V, 85 % for Ni Invar and 91 % for 1045 steel substrates (Fig. 11
d).

3.4. XRD of coated and uncoated surface of substrates

The X-ray diffraction analyses of the substrates and carbon-coated
surfaces are given in Fig. 18. Generally, the coated metallic substrates
showed identifiable peaks corresponding to various carbon structures,
confirming the results from the Raman spectroscopy. For the iron sub-
strate, the carbon diffusion resulted in phases resolved as BCC iron and
iron carbides for test done at 500 °C. At elevated temperatures of 900 °C,
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Fig. 18. Comparative XRD patterns of metallic substrates with and without coatings. Displayed are the patterns for commercially pure titanium, Ti-6Al-4V, Ni-invar
and 1045 steel. For the case of 1045 steel, the patterns are provided under various coating conditions, illustrating the characteristics and stages of the coating

deposition process.

discernible and distinct carbon structures are observed on the surface,
which is a function of the processing time and temperature. Similar
distinct variants of carbon structures were observed for Ni-Invar and Ti-
6Al-4V substrates. Some intermediate phases such as FesCy and TiC0.01
were identified and resolved.

Notably, Invar predominantly forms iron-based intermediate struc-
tures, whereas commercially pure titanium substrates do not show,
displaying only the formation of carbon on the surface. For the parent
phases, there was no shift in peaks or peak broadening showing no phase
transformation between treated and untreated substrates. Although the
XRD analyses were done to resolve the dominant parent phases and
some variants of carbon-like phases, it is not the accurate approach to
resolve carbon features due to the low electron density of carbon,
broadening of peaks associated with carbon and overlapping of peaks.
Hence XRD data is more qualitative and complimentary to the Raman
spectroscopy, which is a more accurate technique for studying carbon-
based materials as used extensively in this study.

4. Conclusion

In conclusion, we introduce a simple method of macroscale metallic
superlubricity:

e Carbon nanocrystals with graphene signatures have been deposited
using a novel, simple, low-cost, high temperature biowaste treatment
method with Manihot esculenta as the carbon source.

e Macroscale superlubricity was attained with coefficients of friction
of ~0.003 and was sustained for more than 150,000 cycles before
failure at a humidity of 58%. This sets a new milestone for graphitic
coatings for wear and friction applications.
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e The primary mechanism for the superlubricious behaviour is the
many microcontacts points inducing ultralow friction behaviour.
This is shown by the atomic force microscopy of the coated metallic
surfaces.

e The friction and wear of the treated substrates reveal a corrugated

flattening graphene nanocomposite films in the wear tracks, which

led to the observed macroscale superlubricity and a reduction and
improved wear properties of the carbon-coated Ni-Invar, 1045 steel,

CP Ti, and Ti-6Al-4V alloys.

The coating life index of the carbon-coated metallic materials was

determined and established for structural steel, Ni-based alloys, and

Ti alloys. This has implication for robust design of next generation

carbon-coated materials for various structural and functional

applications.
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