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ABSTRACT: Inhibiting the tribological failure of mechanical assemblies which rely on fuels for lubrication =

Cerich Tribofilm

is an obstacle to maintaining the lifetime of these systems with low-viscosity and low-lubricity fuels. In the
present study, a MoVN-Cu nanocomposite coating was tribologically evaluated for durability in high- and oo
low-viscosity fuels as a function of temperature, load, and sliding velocity conditions. The results indicate §
that the MoVN-Cu coating is effective in decreasing wear and friction relative to an uncoated steel surface.
Raman spectroscopy, transmission electron microscopy, and electron-dispersive spectroscopy analysis of the
MoVN-Cu worn surfaces confirmed the presence of an amorphous carbon-rich tribofilm which provides
easy shearing and low friction during sliding. Further, the characterization of the formed tribofilm revealed
the presence of nanoscale copper clusters overlapping with the carbon peak intensities supporting the
tribocatalytic origin of the surface protection. The tribological assessment of the MoVN-Cu coating reveals pzym
that the coeflicient of friction decreased with increasing material wear and initial contact pressure. These Garton | ¢
findings suggest that MoVN-Cu is a promising protective coating for fuel-lubricated assemblies due to its ‘
adaptive ability to replenish lubricious tribofilms from hydrocarbon environments.

KEYWORDS: tribocatalysis, ultralow wear, carbon, coatings, nitrides

1. INTRODUCTION elevated contact pressure that occur during engine operation
may establish nonideal lubrication conditions, such as the
boundary lubrication regime. When the lubrication between
two solid bodies consists of low-viscosity, low-lubricity
hydrocarbons such as ethanol, gasoline, and some synthetic
fuels, the severity of the contact conditions and tribological
damage experienced by these solid bodies can be exacerbated.’
Consequently, the materials used to fabricate these fuel
injection system components should resist wear in low-
viscosity hydrocarbon fuels and therefore inhibit gross
tribological failure in these challenging contact conditions.
Carbon-based films, such as graphene,*” nanocrystalline
diamond,'°™"* and diamond-like carbon (DLC),"*™'* have
been widely employed to provide tribological protection to
mechanical systems in various sliding configurations and
environments. While the application of wear-resistant coatings
increases the efficiency of mechanical components, these
materials can fail due to delamination and wear when operated
with fuels tailored for steel surfaces or low-viscosity fuels such
as ethanol.'” ™" Truetler et al. evaluated several DLC coatings

A persistent issue within modern heavy-duty fuel engines is the
tribologically induced wear and failure of components within
the fuel injection system." A wide range of strategies for
decreasing the wear of contacting surfaces can be employed,”
such as the inclusion of lubricity-aiding packages’ and
protecting surfaces with wear-resistant coatings.4’5

However, the methods available for reducing friction are
limited in certain applications, such as the case for fuel
injection systems that operate on low-lubricity fuels. For
example, environmental restrictions concerning sulfur content
within diesel fuels, such as those passed by the European
Union in 2009, which limited the acceptable fuel sulfur content
to 10 ppm.® One tribologically unfavorable consequence of the
hydrotreating process leading to the extractions of sulfuric
compounds from fuels is the simultaneous removal of various
aromatic species from the fuel.” These aromatics are
surfactants which form adsorbed films on metallic sliding
interfaces, providing low friction and wear. Therefore,
environmental restrictions over time have decreased the
lubricating efficacy of diesel fuels. This reduction in lubricating
ability provides a motive to determine novel and adaptive
material solutions that improve the frictional behavior of fuel-
lubricated mechanical assemblies via mechanisms unrelated to
the deliberate inclusion of liquid surfactant species."”® Within
fuel injection systems, the fuel serves as a lubricant and friction C
reducer for moving components. However, conditions of
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employed in modern automotive fuel injection system
components such as the piston, cylinder, and camshaft.”!
The study found evidence of tribologically induced DLC
coating failure, noting that future fuel injection system designs
would impose even greater pressure, load, temperature, and
tolerance requirements for materials being exposed to low-
lubricity fuels and more corrosive environments.”' In similar
studies, Hershberger et al, Radi et al, Bhowmick et al,, and
Ajayi et al. demonstrated the poor performance of DLC
coatings when tribologically tested in low-lubricity liquids such
as ethanol and synthetic diesel fuels.'”*”***> Some degree of
improvement in the DLC coating performance in fuels was
achieved via increasing the surface roughness of the substrate
materials, providing better adhesion and protection of the
substrates from wear.”*>> However, the roughening approach
has limitations for systems, which require smooth component
surfaces and tight tolerances between the components, such as
in fuel injection systems.”' The limitations of DLC coatings
under conditions of low-viscosity lubrication shows the
importance of developing new material solutions for resisting
wear and friction in fuel-lubricated assemblies.

Often, the surfaces within fuel-lubricated systems are
protected from tribological damage by facilitating interactions
between complex fatty acids and heavy aromatic compounds
within the fuel and the solid materials in the system.” In this
case, the fatty acids and aromatic compounds protect surfaces
by tribochemically adsorbing onto solid material surfaces. One
of the most well-known tribochemical compounds is the zinc
dialkyl dithiophosphate (ZDDP), included as an additive in
oils.”® ZDDP introduced in the sliding contact decomposes
and forms a protective tribofilm on oil-lubricated alloy
surfaces.”® The implementation of ZDDP in oil-lubricated
assemblies has been restricted due to emission Iegislation,27
pushing researchers to explore alternative technologies.”®
Among solutions of interest are different ionic liquids and
ashless organophosphate compounds.”~>"

Recently, attention has shifted toward an alternative
approach of the in situ generation of the surface protection,
using tribocatalytic activity at the sliding contact.”> Within
sliding systems, intentional inclusion of catalytic species can be
utilized to decrease the activation energy to initiate lubricity-
aiding reaction processes on contacting surfaces. One such
alternative is the addition of magnesium silicate hydroxide
(MSH) nanoparticles into oils. Recent studies from Wang et al.
and Chang et al. demonstrate the ability of MSH additives in
oil to form protective tribofilms on steel surfaces.”>** While
these lubricant additives are effective in protecting steel
surfaces, there are applications for which modifications of the
lubricant chemistry are not acceptable. In such cases, the
tribocatalytic materials can be incorporated as components of
protective coatings. These coatings with catalytically active
inclusions can replenish the worn-away solid material with
carbon-rich transfer films formed with the aid of a hydrocarbon
environment, in forms of gas, liquid, or solid. >33 As a result,
the lifetime of such tribocatalytic protective coatings is
significantly extended and maintenance cost is reduced.

The concept of the tribocatalysis implies the in situ
formation and repair of protective carbon films that is
facilitated by the presence of catalytically reactive metals,
such as Pt Ni* Fe,* Mg,42 etc., in the protective
coatings. Specific examples of such coatings are MoN-Cu and
VN-Cu produced by physical vapor deposition (PVD)
methods that were recently shown to provide catalytic

formation of carbon-rich films in polyalphaolefin (PAO),
SW30 formulated oil (contains zinc dialkyl dithiophosphate
and other additives), and also in an alkyne environment.”***
Metal nitride-based hard coatings are known for their high
toughness, wear resistance, and stability in corrosive and
reactive environments,**~*® and thus, their use as matrices for
tribocatalytic element inclusion can provide the beneficial
approach for surface engineering of fuel components to
operate with low-viscosity hydrocarbons. There are also
some efforts to explore other tribocatalytic systems, such as
Pt—Au-based films,’”*® that demonstrated tribocatalytic
performance in low-viscosity alcohols and alcohol vapors.
However, nitride-based coatings still offer the most reliable and
economically viable protective approach. While the studies of
Erdemir et al. and Shirani et al. demonstrate the protection of
steel surfaces with tribocatalytic MeN-Cu coatings, these
materials have yet to be tested for efficacy in low-viscosity fuels
made of short-chain hydrocarbons, where ethanol, dodecane,
decane, etc. are typical examples.”" Additionally, previous
research lacks practical evidence that the tribofilm formation
occurs specifically on the Cu surfaces.”®

In this study, MoVN-Cu metal nitride nanocomposite
tribocatalytic coatings were evaluated for durability in high-
and low-viscosity fuels as a function of temperature, load, and
sliding velocity conditions. These MoVN-Cu coatings were
subjected to ball-on-flat tribological experiments with initial
contact pressures exceeding 1 GPa, at temperatures of 25 and
50 °C, reciprocating frequencies of 25 and 50 Hz, and in
ethanol and dodecane fuel environments. The MoVN-Cu
coating exhibited decreased wear and friction relative to
uncoated AISI 52100 steel under these varying contact
conditions. Tribofilm formation was observed in the presence
of both ethanol and dodecane and was more pronounced in
the dodecane environment. Transmission electron microscopy
(TEM) analysis of the tribofilm indicated that the carbon-rich
tribofilm is generated specifically on the Cu surfaces. The
MoVN-Cu coating was notably adaptive in its tribological
response under different normal loads (initial contact pressures
of 0.82—1.25 GPa). The coefficient of friction during
experiments was minimal when the initial contact pressure
was at its maximum values, which is attributed to the increased
generation of the low-friction tribofilm.

The results demonstrate great stability of the tribological
performance of the MoVN-Cu tribocatalytic coating and show
its versatility and durability for a wide range of tribological
conditions. The well-established wear resistance and load
support characteristics intrinsic to hard nitride coatings in
combination with the novel adaptive catalytic tribofilm
lubrication mechanism characteristic of the MoVN-Cu coating
explored here provides a new approach for improving the wear
endurance and performance of mechanical components
handling low-viscosity fuels. This approach has the potential
for considerably improving the lifetime of components within
the fuel injection systems of emerging combustion engines,
tailored for more environmentally benign low-viscosity hydro-
carbon fuels.

2. EXPERIMENTAL PROCEDURE

2.1. Materials and Fuels. The materials used in this study
include AISI 52100 steel, MoVN-Cu tribocatalytic coatings applied to
an AISI 52100 steel substrate, and alumina (Al,O;) counterbodies.
The lubricants/fuels used were ethanol and dodecane. AISI 52100
steel was selected as a tribological flat specimen and as the substrate
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Figure 1. (a) Grazing-angle (a = 0.5°) XRD spectra of MoVN-Cu coating, (b) STEM-HAADF image of coating, and normalized XEDS spectral
imaging (XEDS-SI) maps for (c) vanadium, (d) molybdenum, and (e) copper and (f) overlay image of all XEDS maps; (g) STEM bright-field

(STEM-BF) and (h) STEM annular dark-field (STEM-ADF) images.

for the MoVN-Cu coating because it is representative of the alloys
used in heavy-duty engine fuel systems.”” Al,O; was selected as the
counterbody material due to its relative hardness and inert nature,
allowing an assessment of the MoVN-Cu coating without additional
chemical activity involved in metallic surfaces. The AISI 52100 steel
flat specimen was through-hardened to a hardness value of 7.7 GPa
and polished to an average surface roughness of 0.081 + 0.02 ym. The
hardness of the AISI 52100 steel was measured with a 500 g normal
load and 20 indentations using a Wilson VH1102 (Buehler) Vickers
hardness tester. The MoVN-Cu tribocatalytic coating was chosen for
this study due to its high hardness and unique response to tribological
contacts in the presence of hydrocarbons.”® The hardness and elastic
modulus of the MoVN-Cu coating was measured as 30.4 + 4.1 and
3472 + 31.6 GPa with a MTS Nanoindenter XP equipped with
continuous stiffness measurement (CSM) with 160 Nm indent
displacements and a total of 40,000 indentations. The MoVN-Cu
coating was deposited at 270 °C in a high-vacuum system by the
direct current magnetron sputtering. The AISI 52100 substrates were
etched with Ar ions prior to the deposition. The targets were pure Mo
(99.95%), V (99.95%), and Cu (99.999%) deposited at the sputtering
applied power of 9 W/cm? for Mo and V and 0.45 W/cm? for Cu.

The Ar/N, ratio was 130—55 sccm at 0.4 Pa total pressure. The
targets were rotated during the deposition to ensure the uniformity of
the coating components. The resulting MoVN-Cu coatings have a
thickness of approximately 600 nm and average surface roughness of
0.026 + 0.006 um. The surface roughness of the MoVN-Cu coating
and the AISI 52100 steel was measured with a Dektak stylus
profilometer. The counterbodies used for tribological experiments
were polycrystalline Al,O; balls with diameters of 6.00—6.35 mm.
Ethanol and dodecane, the fuels used as lubricants during tribological
experiments, have a viscosity at 40 °C of 1.08 and 7 cSt,"**
respectively. Dodecane was chosen as a fuel lubricant as it is a major
component of kerosene-based fuels, such as those used in the
aerospace industry,” and a minor component of diesel fuels. Ethanol
was selected as an additional fuel for comparison because of its low
viscosity relative to dodecane, polar nature, and poorer lubrication
performance. Ethanol is also commonly added to gasoline fuels.
2.2. Measurement Method Overview. Reciprocating tribo-
logical experiments were conducted using a high-frequency
reciprocating rig (HFRR) manufactured by PCS instruments. The
experiments were conducted with various parameters to study the
effect of sliding velocity, initial contact pressure, temperature, and
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Figure 2. Comparison of (a) the coefficient of friction vs. time plots, (b) flat wear scar profiles, and (c, d) optical images of the AISI 52100 steel,
MoVN-Cu coating, and Al,O; counterbody wear scars. The experiments were conducted using AISI 52100 steel and MoVN-Cu-coated AISI 52100
steel flat surfaces, Al,O; counterbodies, a normal load of 200 g, a frequency of 50 Hz, the stroke length of 1 mm, the temperature of 40 °C, ethanol

as the lubricant, and a duration of 60 min.

type of lubrication on the tribological behavior of the MoVN-Cu
coating. Each tribological experiment was performed at least two
times to ensure the reproducibility of the results. The initial contact
pressures used were 0.82, 1.11, and 1.25 GPa, which correspond to
the applied normal loads of 200, 500, and 700 g. The stroke length for
the experiments was 0.5 mm, and reciprocating frequencies of 25 and
50 Hz were used. The average sliding velocities were 0.025 and 0.050
m/s, the temperatures used were 25 and 50 °C, the relative humidity
was approximately 40% in the specimen environment, and the
lubricants used were ethanol and dodecane.

After tribological experiments were performed, the material
surfaces were characterized by various methods. Nanoindentation
mapping of the worn surfaces was performed with a sample size of
40,000 indents, 15—25 mN load, and 1.5—3.5 um spacing for the
MoVN-Cu coating and uncoated 52100 steel, respectively. Chemical
analysis of an Al,O; counterbody was performed using a Hitachi
Tabletop TM3030Plus scanning electron microscope (SEM)
equipped with energy-dispersive X-ray spectroscopy (EDS) at an
accelerating voltage of 15 kV and a magnification of 150X. The
structure and phases of the coating were analyzed with a Rigaku
Ultima IIT X-ray diffractometer (XRD) with a Cu Ka X-ray source
performed with a 1°/min scanning rate, 0.02° step increments, and in
0—20 scanning mode. Raman two-dimensional (2D) mapping was
conducted with a Renishaw Raman microscope, a 532 nm edge laser,
an exposure time of 2 s, and a spectral range of approximately 500—
2200 cm™".

Transmission electron microscopy (TEM) and scanning TEM
(STEM) analyses of the collected tribofilm debris were performed
using a FEI Tecnai G2 F20 ST S-Twin equipped with a 200 kV
Schottky field emission source. Similar analysis of focused ion beam
(FIB) cross sections of the prepared coating was performed using a
JEOL 2100F TEM. TEM cross sections were prepared by first
depositing a Cr layer in a metal deposition chamber to protect the
tribofilm from C deposition by electron beam in the FIB. A Pt layer
was then deposited in the FIB to protect the cross section during
thinning. The microscope is equipped with a Gatan OneView 4k X 4k
digital camera, a model Continuum Gatan imaging filter (GIF), Gatan
Digiscan II system, a Gatan 806 high-angle annular detector
(HAADF), and an EDAX Octane Elite Super windowless silicon
drift detector (SDD) X-ray energy-dispersive spectrometer (XEDS).
The GIF can collect energy-filtered TEM (EFTEM) images and
electron energy loss spectroscopy (EELS) with the low-loss and high-
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loss spectra being acquired simultaneously. All imaging and
spectroscopy data was collected and analyzed using Gatan Microscopy
Suite software version 3.5. XEDS and dual EELS spectrum images
could be acquired simultaneously. The TEM samples were prepared
by a standard in situ lift-out procedure using a Thermo Fisher Helios
dual-beam FIB system utilizing AutoTEM 4 software, with the final
thinning being done manually. Approximately three to five micro-
meter wide windows were cut with a frame at the bottom to prevent
warping of the substrate when thinned.

To analyze the tribofilm with EELS, the Mo-M, N-K, and V-L
edges from the coatings were used after correcting for plural scattering
to create internal standards that were used to fit the data from the
tribofilm. This allowed the edge overlaps with C, Ca, and O to be
resolved. If a 0.3 eV dispersion was used, not all of the elements could
be analyzed, but those that were not had low signals and were better
detected with the XEDS system.

3. RESULTS AND DISCUSSION

The as-deposited MoVN-Cu coating was characterized with
grazing-angle XRD (see Figure 1), confirming the presence of
molybdenum, cubic 6-VN, and cubic y-Mo,N. The coating was
deposited at 270 °C in a high-vacuum system by the direct
current magnetron sputtering. The targets were pure Mo
(99.95%), V (99.95%), and Cu (99.999%) deposited at the
sputtering applied power of 9 W/cm? for Mo and V and 0.45
W/cm? for Cu. The targets were rotated during the deposition
with an Ar/N, ratio of 130—55 sccm at 0.4 Pa total pressure.
These coatings exhibited a consistent surface finish with an
average surface roughness of 0.026 + 0.006 ym. The Debye—
Scherrer equation was used to calculate grain sizes of 7—8 nm
within the nanocomposite coating structure. The STEM-BF
(Figure 1g) and STEM-ADF (Figure 1h) imaging of the
coating revealed a microstructure consistent with the
calculated 7—8 nm grain size and columnar grain growth
mechanisms. The coating hardness was measured to be 30.4 +
4.1 GPa. TEM, XEDS, and principal component analysis
(PCA) were used to reveal the nanocomposite coating
morphology. The coating structure consists of modulating
layers of vanadium and molybdenum (Figure lc,d) with
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Table 1. Parameters of the Tribological Experiments Conducted on the MoVN-Cu Coating

experiment # fuel frequency (Hz) average sliding velocity (mm/s) temperature (°C) initial contact pressure (GPa)
1 ethanol 25 25 25 0.82
2 1.11
3 1.25
4 S0 0.82
S 1.11
6 1.25
7 S0 S0 25 0.82
8 1.11
9 1.25
10 50 0.82
11 1.11
12 1.25
13 dodecane 25 25 25 0.82
14 1.11
15 1.25
16 S0 0.82
17 1.11
18 1.25
19 S0 50 25 0.82
20 1.11
21 1.25
22 S50 0.82
23 1.11
24 1.25
25 Hz 50 Hz 50 Hz 25 Hz 50 Hz
(a) gg ﬁé 50°C  25°C  5qoC (b) ssp,  50°C 50 °C
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Figure 3. Comparison of the average coefficient of friction for experiments conducted on the MoVN-Cu coating in (a) ethanol and (b) dodecane
fuel lubricants. These experiments were performed using MoVN-Cu-coated AISI 52100 steel flat surfaces, AL,O; counterbodies (d = 6.00—6.35

mm), a stroke length of 1 mm, and a duration of 30 min.

nanoscale copper clusters (average size of 2—4 nm) disbursed
throughout (Figure 1le).

Prior to the detailed tribological analysis of the MoVN-Cu
coating, a comparison of the coating to a standard alloy used in
heavy-duty fuel injection systems (AISI 52100 steel) was
performed. As shown in Figure 2a, when subjected to identical
tribological experiments, the MoVN-Cu coating provided a
consistently lower and more stable coefficient of friction than
the AISI 52100 steel. In addition, Figure 2b shows that the
AISI 52100 steel experienced significantly more wear than the
MoVN-Cu coating, which is further supported by the smaller
wear scar dimensions for the MoVN-Cu coating as shown in
Figure 2¢,d. These results show the potential advantages of
decreased friction and wear if the MoVN-Cu coating would be
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used to protect AISI 52100 steel fuel injection system
components.

After the initial assessment, the coating was tested in a range
of load, temperature, and sliding velocity conditions to evaluate
its stability and consistency of the tribological behavior (Table
1).

Figure 3 presents the different conditions used in the
experimental matrix. The variation of normal load (i.e., contact
pressure) appears to have the most significant impact on the
coeflicient of friction. Although the differences in the
coefficient of friction among the various experimental
conditions were nominal, a trend toward higher coeflicients
of friction occurs for experiments with lower normal load is
apparent (see Figure 3). Within the MoVN-Cu coating, the
constituent nitride phases provide the coating with hardness
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Figure 4. (a) Bright-field optical image of the wear scar left on the AL,O; counterbody for experiment 24; (b) corresponding SEM BSE image of the
wear scar; (c) analysis results of the EDS spectra for the worn surface showing the presence of a carbon-based tribofilm; (d) analysis results of the
EDS spectra for the unworn surface; (e) selected area for Raman spectroscopy mapping of the D and G peak intensities, and (f) Raman spectra

selected from within the wear scar area.

and wear resistance akin to other hard ceramic coatings, while
the grains of copper provide a supply of the catalyst that
facilitates the formation of the amorphous carbon tribofilm.*
Therefore, a lower coeflicient of friction when a higher normal
load is used can be attributed to a greater amount of wear of
the MoVN-Cu coating, thus exposing more copper surfaces
and allowing for further generation of the low-COF
amorphous carbon tribofilm. Relatively large coating wear
rates provide an opportunity for the tribofilm to replenish
within the wear track where the film had previously been
pushed outside of the contact. This mechanism results in the
lower observed coefficients of friction. A slight deviation in this
trend is seen for the dodecane tests performed at 25 Hz, as the
1.11 GPa initial contact pressure experiments show nominally
lower COF than the 1.25 GPa initial contact pressure
experiments. Dodecane is a long-chain, high-surface-tension,
and nonpolar molecule. As dodecane has higher surface
tension than ethanol, this lubricant wets the sliding surfaces
poorly and exhibits a decreased ability of liquid molecules to
move freely past each other.’’ Ethanol, on the other hand,
consists of short-chain, low-surface-tension, and polar mole-
cules that can move past each other easily; thus, ethanol has a
lower viscosity than dodecane.”® Ethanol also has a lower
pressure—viscosity coefficient than dodecane; therefore, the
increase in viscosity under high loads is less pronounced for
ethanol. The slight change in behavior for the experiments
performed with dodecane at 25 Hz can be attributed to the
increased pressure in the liquid lubricant film, providing
greater separation between the two sliding surfaces and
resulting in less predictable COF values.

The stability of the tribofilm was evaluated by analysis of the
wear mark on the Al,Oj ball counterpart (Figure 4). Results
indicate significant carbon presence in the form of wear debris.
Notably, no coating material transfer is observed. Optical
images of the formed wear tracks (Figure S) indicated very
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minimal wear of the surfaces for further evaluation of the
surface conditions.

To better understand the low-friction behavior of the
MoVN-Cu coating versus Al,Oj sliding pair, the counterbody
from experiment 24, which has the highest sliding speed and
contact load (see Table 1 for details) was analyzed with EDS
and Raman spectroscopy. As shown in Figure 4a,c, the EDS
data from the center of the counterbody indicates the presence
of carbon. On the other hand, EDS data collected from the
outer edge of the counterbody lacks carbon, as shown in Figure
4b,d. The presence of carbon only on the contact surface
indicates that, during sliding, the tribofilm that is formed
between the MoVN-Cu coating and the Al,O; counterbody
readily adheres to both surfaces. Raman spectroscopy was
performed on the Al,O; counterbody wear scar, shown in
Figure 4e,f. Though the detection of the Raman signal on the
counterbody is complicated by the curvature of the substrate,
the presence of the characteristic carbon D and G peaks (at
1340 and 1560 cm™', respectively) suggests the amorphous
nature of carbon present in the wear area. This analysis is
consistent with the following in-depth analysis of the tribofilm
observed on the MoVN-Cu coating surface, which is discussed
in more detail later. Thus, both the flat MoVN-Cu coating
surface and the AL, O; counterbody are protected by the easily
sheared tribofilm, providing the low coefficient of friction
values measured during sliding.

Figure 5 displays the wear scar dimensions of the MoVN-Cu
flat specimens and Al,O; balls produced with the experimental
matrix to highlight the effect of each parameter on the
tribological performance of the MoVN-Cu coating. As shown
in Figure 3, the coeflicient of the friction range is relatively
small with each experiment having a COF from 0.15—0.20. As
shown in Figure Sa,b, alterations of the reciprocating frequency
and temperature had a nominal effect on the wear scar
dimensions. On the other hand, the initial contact pressure had
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Figure S. Wear scar dimensions of the flat and ball specimens for (a) experiments 1—12 performed with ethanol and (b) experiments 13—24
performed with dodecane. (c—h) Optical images of the wear scars on the Al,O; counterbodies (top) and MoVN-Cu coating surfaces (bottom) for
the experiments conducted at 25 °C and with a 25 Hz reciprocating frequency.

significant influence on the wear scar dimensions. To highlight
the effect of initial contact pressure, the optical microscopy
images of the MoVN-Cu and AlL,O; worn surfaces for the
experiments conducted at 25 °C and 25 Hz are presented in
Figure Sc—h. The relative size of the worn surfaces increased
with increasing initial contact pressure due to more wear of the
coating surface. In addition, comparing Figure Sc—e and S5f—h
indicates that the wear of the materials is diminished when the
surfaces were lubricated with dodecane, as opposed to the
lower-viscosity ethanol lubrication. Figure Sc—h also displays
the wear scar depths and specific wear rates for the sliding
pairs. Due to the dynamic tribocatalytic process of
simultaneous material growth and removal, these wear metrics
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provide uncertainties for characterization; therefore, the wear
scar dimensions are provided for discussion as well. Regardless
of the sliding contact conditions, the overall performance of
the MoVN-Cu film is dictated by the competition between two
mechanisms, i.e., the replenishment of the generated tribofilm
and the wear of the coating material.

The change in mechanical properties across the surface of
the wear tracks left on a representative experiment on MoVN-
Cu coating and AISI 52100 steel was analyzed using
nanoindentation, as shown in Figure 6. Mapping of the
MoVN-Cu surface revealed that the hardness and modulus of
the coating decreased from 30.4 and 347.2 GPa of the unworn
surface to approximately 25 and 300 GPa for the worn surface,
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MoVN-Cu coating and (¢, d) AISI 52100 steel.
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Figure 7. Optical images of the wear scar end on the MoVN-Cu coating for experiment 11 in ethanol (a) and experiment 24 in dodecane (d),
selected areas for Raman spectroscopy mapping of the G peak intensity for experiment 11 (b) and experiment 24 (e). Three high-intensity spectra
were selected from areas A and C, which are covered by the tribofilm and one low-intensity spectrum was selected from areas B and D, which are
significantly outside of the mechanical contact and are shown in panel (c) for experiment 11 and (f) for experiment 24. Experiments 11 and 24
were conducted with S0 Hz reciprocating frequencies, a temperature of 50 °C, and 1.11 and 1.25 GPa initial contact pressures, respectively.

respectively. The morphology and surface roughness of the
worn steel surface inhibited extracting of hardness and
modulus values for the steel. Therefore, to compare the
MoVN-Cu and AISI 52100 steel surfaces, mapping of the worn
surfaces of both materials were generated using stiffness values
(S$*/P) to eliminate the effect of surface roughness. For both
the steel and coating surfaces, the majority of indentations
revealed S*/P values from 3000—4000 GPa. Although the
MOoVN-Cu coating contains hard ceramic particles which
provide wear resistance, the mechanical properties of thin films
are highly influenced by the properties of the substrate material

the film is adhered to, particularly in terms of stiffness
properties.”” As the MoVN-Cu coating is only 600 nm in
thickness, its mechanical properties mirror that of the AISI
52100 steel that the coating was deposited onto.'” There is,
however, a contrast between the coating and steel mechanical
properties in terms of the gradient of values present. As shown
in Figure 6d, there are regions of the AISI 52100 steel surface,
particularly outside of the wear track on the unworn surface,
which indicate S?/P values exceeding 7000 GPa, whereas the
MoVN-Cu surface shown in Figure 6b maintains values in the
range of 3000—4000 GPa. During the sliding process, there is
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Figure 8. STEM analysis of tribofilm particles formed on the MoVN-Cu coating surface during tribological experiments; (a) EELS spectra for the
tribofilm particles formed on the MoVN-Cu surface in ethanol and dodecane fuel environments and a reference sp* spectra; (b) HRTEM image of
the tribofilm particle generated during the experiment in ethanol; (c) HRTEM image of the tribofilm particle generated during the experiment in
dodecane; (d) HAADF image of the tribofilm produced in a dodecane environment and adhered to the coating surface with the corresponding
normalized EELS map of (e) carbon, XEDS map of (f) copper and (g) aluminum, and normalized EELS map of (h) oxygen. The lower left inset
image of panel (d) is a BSE image of the wear track from which the FIB section was collected for TEM analysis.

deformation of the load-bearing asperities and localized
heating of contacting surfaces. For many metals, including
AISI 52100 steel, these contacting surfaces can harden via
several mechanisms. One is the refinement of the metal grains
at and below the worn surface. During wear, the strains
imposed on the metallic surface result in the generation and
migration of dislocations, which in addition to frictional
heating can lead to recrystallization of the near-surface material
into a finer grain structure.”* These finer grains produce a
work-hardened layer of the metal, described by the Hall—Petch
relationship.”*™>° A second mechanism by which metal
surfaces harden during wear is surface oxidation and
mechanical mixing. Aided by the strain and heating associated
with sliding, metallic surfaces can oxidize readily and form
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brittle oxide particles on the surface. Subsequent wear of this
oxide layer can incorporate oxide particles within the metal,
providing a mechanically mixed composite of metal grains and
oxide particles, which is supported by the underlying refined
metal grains.54’56_58 In contrast, ceramic materials which have
limited ability to generate and flow dislocations, such as the
predominant phases of the MoVN-Cu coating, experience less
change in their mechanical properties at the worn surface.”*
Therefore, the MoVN-Cu surface maintains more consistent
stiffness across the worn and nonworn surfaces. This can be
attributed to the protection of the surface via the production of
the carbon-rich tribofilm and the superior wear-resistance
properties of the ceramic constituents within the nano-
composite structure.
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To confirm the carbon-rich nature of the tribofilms and the
mechanisms responsible for the beneficial tribological perform-
ance, representative wear tracks formed in ethanol and
dodecane were evaluated using Raman spectroscopy (Figure
7).

Results of the Raman analysis indicate the characteristic
carbon disorder mode (D) and graphitic in-plane mode (G)
peaks at approximately 1340 and 1560 cm ™', respectively. The
appearance of the D and G peaks indicate that the carbon-rich
film exhibits the structure of amorphous carbon, which is well
documented to provide low friction during sliding."® The
irregularities in intensities of the D and G peaks are attributed
to the nonuniformity of the tribofilm coverage on the MoVN-
Cu surface. However, the tribofilms surrounding the wear
tracks produced under dodecane lubrication provided
substantially greater intensities of the characteristic carbon
peaks, indicating that dodecane lubrication supports increased
amorphous carbon film-formation abilities compared to
ethanol.”?

Scanning transmission electron microscopy (STEM) and
electron energy loss spectroscopy were performed on the wear
debris produced during tribological experiments to determine
the predominant interatomic local bonding arrangements of
the carbon-rich tribofilms (Figure 8). To collect the debris
generated in both fuel environments, a scalpel was used to
scrape oftf some of the tribofilm deposited at the ends of the
wear scars for experiments conducted in ethanol (experiments
16 and 24) and dodecane (experiment 11); the debris was then
collected on TEM grids and analyzed. In addition, one FIB
cross section of a worn coating surface was prepared for TEM
analysis. In EELS spectra, the peak preceding the carbon K-
edge peak is representative of only the sp>-bonded electrons.
By comparing the areas of the prepeak of the collected
tribofilm debris to a completely sp>-bonded reference, the sp”
ratio for the debris can be calculated according to the following
formula

(&), L)
R‘(L]/(ug))

where I, and I,(g) are the intensity of the prepeak and I, and
I(g) are the intensity of the 7* and s peaks integrated over a
range of SO eV for the analyzed sample and sp® reference,
respectively.”” The sp? reference used was produced from an
amorphous carbon film sputtered in vacuum at room
temperature.59

HRTEM images of the debris produced during sliding are
shown in Figure 8b for ethanol lubrication and in Figure 8c for
dodecane lubrication. As shown in Figure 8a, the debris
produced in ethanol and dodecane shows apparent 7* peaks at
285 eV, indicating that the tribofilm is amorphous and contains
sp>-bonded graphitic carbon, which can provide a low-friction
easily sheared film between the coating surface and counter-
body. Calculating the ratio of sp* to sp® bonding revealed that
the tribofilm generated in ethanol and dodecane were 70 and
72% sp>-bonded, respectively. A FIB section was collected
from a tribofilm-covered area of the worn MoVN-Cu surface of
one of the tribological experiments such that the tribofilm
could be analyzed (see the inset of Figure 8d). Elemental
analysis of the tribofilm adhered to the coating surface in the
FIB sample indicates the presence of copper, carbon,
aluminum, and oxygen (see Figure 8d—h). The observation
of aluminum and oxygen is attributed to the transfer of the

wear debris produced from the Al,O; counterbodies.
Tribocatalytic reactions may occur for systems which have
available catalytically active surfaces, a source of carbon, and
thermomechanical energy for the activation of dehydrogen-
ation and random scission of the C—C bonds in the carbon
source.”*”® Initially, the hydrocarbon molecules are homoge-
neously distributed over the MoVN-Cu surface. When sliding
is initiated on the Cu surface, the hydrocarbon molecules
degrade via two competing processes. First, the C—H bonds of
the hydrocarbon dissociate, aided by the catalytic metal
surface, producing dehydrogenated chains. Second, random
scission of the backbone C—C bonds occurs, which forms
shorter hydrocarbon fragments. These short hydrocarbon
fragments recombine at the interface to form a graphitic
tribofilm. The free hydrogen produced from the dehydrogen-
ation of the hydrocarbon may adsorb and diffuse into the metal
surface or recombine at the material interface to form H,
molecules.”® The apparent correlation between copper-rich
and carbon-rich areas within the tribofilm reinforce that the
copper clusters provided the catalytic surface, which facilitates
the formation of the carbon-rich film. Previous studies of the
MeN-Cu coatings justified the tribofilm formation by
simulating the mechanism on Cu surfaces within the coating
but did not have a practical demonstration of this
phenomenon. In this work, we demonstrate with TEM analysis
that the carbon is correlated with the Cu inclusions, verifying
that the Cu surfaces provide the catalytic surface for tribofilm
formation. The ability of the hard MoVN-Cu coating to
catalytically transform components of the hydrocarbon
environment (ethanol or dodecane molecules) provided this
material a unique response to tribologically induced stresses.
For an unprotected steel surface in a low-viscosity hydrocarbon
environment, material wear and subsurface deformations made
the steel alloy vulnerable to gross surface damage such as
scufﬁng;60 however, the MoVN-Cu coating uses such
conditions of elevated temperature and shear stresses to
promote the generation of a friction-reducing carbon tribofilm
that effectively protects the underlying steel surface under a
wide variety of tribological contact conditions.

4. CONCLUSIONS

The tribological performance of the MoVN-Cu tribocatalytic
coatings was evaluated under a wide range of experimental
conditions. These MoVN-Cu coatings were found to provide
an adaptive tribological performance due to the inclusion of
catalytically active copper clusters within the nanocomposite
structure. TEM and Raman spectroscopy were used to confirm
the amorphous carbon nature of the tribofilms with
predominantly graphite-like interatomic bonding arrangements
generated during the wear of the MoVN-Cu material. TEM
analysis also demonstrated the correlation between the Cu
within the coating and the C-rich tribofilm formed, indicating
that the Cu surfaces within the coating provide the catalytic
centers for the tribofilm formation. The presence of this
catalytically formed graphitic character transfer film was linked
to lower coeflicients of friction and substantially less wear of
the MoVN-Cu coating when compared to uncoated AISI
52100 steel when tested under identical contact conditions.
The MoVN-Cu tribological performance showed consistent
low-friction and low-wear behavior under varying operating
temperatures (25—50 °C) and reciprocating frequencies (25—
50 Hz). Tribofilm formation was observed in the presence of
both ethanol and dodecane and was more pronounced in the

https://doi.org/10.1021/acsami.3c01953
ACS Appl. Mater. Interfaces 2023, 15, 30070—30082


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c01953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

dodecane environment. The MoVN-Cu coating was notably
adaptive in its tribological response under different normal
loads (initial maximum contact pressures of 0.82—1.25 GPa).
The coefficient of friction during experiments was minimal
when the initial contact pressure was at its maximum values,
which is attributed to the increased generation of the low-
friction tribofilm. The well-established wear resistance and load
support characteristics intrinsic to hard nitride coatings in
combination with the novel adaptive catalytic tribofilm
lubrication mechanism characteristic of the MoVN-Cu coating
explored here provides a new approach for improving the wear
endurance and performance of mechanical components
handling low-viscosity fuels. This approach has the potential
for considerably improving the lifetime of components within
the fuel injection systems of emerging combustion engines,
tailored for more environmentally benign low-viscosity hydro-
carbon fuels.
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