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HIGHLIGHTS

Raman spectroscopy shows the forma-
tion of MoS; by the tribochemical reac-
tion between Mo disks and S-additives.
In situ reactive formation of MoS; nano-
flakes reduces friction down to 0.06.
Low friction caused by a only few self-
assembled and (002)-oriented mono-
layers of MoS,.

Raman and TEM analyses reveal MoS,
accompanied by catalytically formed
carbon tribofilms at temperatures
above 100 °C.

Stable friction coefficient of 0.08 main-
tained at temperatures of 130 °C with-
out oxidation of the MoS, nanoflakes.
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ABSTRACT

Modern lubricants require additives for improving their frictional and wear performance. The most effective and
widely used additives rely on organo-metallic compounds, which lead to ash formation and pose serious environ-
mental concerns. Despite intensive research, a cost-effective alternative cannot be foreseen in the immediate
future.
On the quest for an alternative concept, the reactive formation and self-assembly of few-layer MoS, nanoflakes in
a carbon-based tribofilm is studied during reciprocating sliding contact of molybdenum substrates lubricated
with oils containing sulfurized olefin extreme-pressure (EP) additive. Based on a combination of Raman spectros-
copy and transmission electron microscopy it can be concluded that nanoflakes of well-adherent 002-oriented
MoS; layers form in the presence of S-containing EP additive. This leads to a reduction in friction from 0.3 to
0.08. The reaction rate to form MoS, nanoflakes increases with temperature and EP concentration. At tempera-
tures over 100 °C, the MoS, nanoflakes are accompanied by carbon-based tribofilms. These carbon-based
tribofilms are catalytically formed by dissociating hydrocarbon molecules of the lubricant.
These results suggest that applying Mo alloyed materials with sulfur containing lubricants provides an alternative
to conventional organo-metallic compounds. The presented lubrication concept can be utilized for further devel-
opments of materials (like protective hard coatings) and machine designs.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Modern machine designs require further synergies between mate-
rials and lubricants. Tighter environmental regulations (e.g., in the auto-
motive sector) promote the application of ultra-low viscosity oils such
as OW10, leading to thinner lubricating oil films. While this reduces
any losses within the lubricant films, the risks for direct metal-to-
metal contacts increase. Especially in these boundary lubricated re-
gimes, the formation of protective tribofilms is essential to increase
the component lifetime. Current lubricants rely on functional friction
modifiers and anti-wear additives to meet the increasing demands for
lower friction and wear.

Commercially prevailing oil additives such as zinc dialkyl dithiopho-
sphate (ZDDP) [1] equip lubricants with excellent wear protection (esp-
ecially under boundary lubricating conditions) [2,3] as well as other
beneficial properties such as corrosion protection. However, ZDDP as
well as the often used molybdenum dithiocarbamate (MoDTC) friction
modifier (which forms lubricious MoS, platelets) rely on organometal-
lic compounds [4-6]. These form ashes in combustion engines and can
harm after-treatment and fine-particle traps, besides having serious en-
vironmental concerns. Unfortunately, alternatives at a similar cost are
still out of reach [7]. Additionally, many of the well-established addi-
tives can only unfold their potential when in contact with ferrous sur-
faces [8]. This limits their potential in modern machine design with its
massive move towards lightweight materials and components having
protective coatings.

Therefore, recent research concentrates on the development of mul-
tifunctional triboactive surfaces to enable low friction while still ensur-
ing the required wear protection. Such triboactive surfaces are
themselves essential for the tribofilm formation and mimic some of
the classical roles of lubricant additives. In their seminal work [9],
Erdemir et al. showed that triboactive thin films catalytically modify
the surrounding medium to produce oil-derived carbon-based trib-
ofilms. More recently, oil-derived carbon based tribofilms were also
achieved from ambient hydrocarbons using Pt—-Au coated steel sliding
against alumina in dry contact conditions [10]. Similar lubricious and
wear protective carbon-based tribofilms form via high molecular
weight hydrocarbons when cyclopropanecarboxylic acid is used as lu-
bricant additive [11,12]. In addition to such oil-derived carbon-based
tribofilms, also the tribochemical formation of other 2D materials like
transition metal dichalcogenides (TMD) such as MoS,, WS,, MoSe,, or
WSe; is studied. Their layered structure of alternating transition metal
and chalcogen atoms allows for easy shear resulting in low friction
[13-16]. Such TMDs can directly be deposited as protective coatings
[17-20], or simply be added to lubricants in form of nanoparticles
[21-24]. Major concerns of the former approach is that humidity
degrades the frictional performance of those coatings, while the
latter approach suffers from antagonistic interactions between the
TMD nanoparticles and the dispersants required to produce stable
emulsions [25-27].

Alternatively, TMD can elegantly be formed in-situ by tribochemical
reactions [28-30], a concept that has its roots in 1996, where pioneering
studies showed the tribochemical formation of MoS, when applying
Mo-containing surfaces in H,S atmospheres [28,31,32]. With the com-
mercial success of W-doped DLC coatings, similar concepts extracted
the formation of protective W and S containing tribofilms with S con-
taining additives [29,33-35]. Corresponding low-friction tribofilms can
also be achieved with WC-containing surfaces [30]. In contrast to TMD
coatings whose friction behavior is highly dependent on humidity, a
main advantage of the reactive formation of TMD in lubricated contacts
is that is not sensitive to humidity, a feature shared with lubricants con-
taining TMD nanoparticles as additives. Based on these studies, we dem-
onstrated the formation of WS, on wear resistant WN coatings, and
highlighted the importance of oxygen availability and the formation
conditions for this tribochemical reaction [36]. Those investigations
also showed that the formation conditions required for disulfides are
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more favorable in Mo-containing coatings when compared to W-
containing surfaces. With Mo being a widely used alloying element it
became clear that a precise understanding of the reaction kinetics for
the formation of MoS; is essential for exploiting this lubrication concept
in future engineering applications.

Mo disks are used in order to establish a model-system for a lubri-
cated contact (with a sulfur-containing additive) sliding against a ball
counterbody. Commercially available extreme pressure (EP) additives
are used as S delivery system. This EP additive is originally designed to
react with ferrous surfaces under extreme pressure conditions and pre-
vent metal-to-metal contact. However, in the present work we are pur-
suing the reactive formation of low-friction MoS; nanoflakes, so that the
S-containing additive essentially has the role of a friction modifier. The
use of pure Mo disks along with a base oil containing a single additive
serves to focus the research on a particular tribochemical reaction (for-
mation of MoS,) and simplifies the post-test surface chemical analyses.
The parametric analysis performed should be a solid basis for determin-
ing the conditions that favored the tribochemical formation of MoS; in
order to find suitable ranges of application in technologically relevant
components made of steel for example.

The proposed research has an enormous potential for the design of
future low friction components with a higher efficiency and a lower en-
ergy consumption. These components will rely on the presence of
triboactive elements, such as Mo and W, which are needed for the for-
mation of MoS, and WS, low friction tribofilms. Such triboactive sur-
faces can readily be design using coatings deposited by physical vapor
deposition such as WN [36], or MoN. Also commercially available ther-
mal spray coatings containing Mo could benefit from the presented ap-
proach. Even steel can also be turned into a triboactive surface by
embedding WC particles, resulting in the formation of WS, and
profiting from the mechanisms here described [30,37,38]. The extrapo-
lation of our lubrication concept to steels, other alloys containing Mo
and/or W as alloying elements, or even to Mo and W alloys [39-42]
seems also attainable, encouraged by the pioneering studies performed
in the 1990s that resulted in the formation of MoS, and WS, under dry
contact conditions in H,S atmosphere [32]. The proposed lubrication
concept can also be applied for the development of novel lubricants
with environmentally more friendly S-containing molecules. Our previ-
ous studies have shown that the in-situ formation of MoS, (or WS, ) was
successfully achieved with allyl-disulfide, a compound typically found
in garlic, or with the amino acid methionine [37,38]. In all mentioned
cases, the proposed friction reducing mechanism relies on the simulta-
neous presence of Mo or W in the material and S in the lubricant since
the lubricant additive alone is not sufficient for reducing friction
[30,37,38]. However, by doing so, Mo and W are bound to the substrate
and eliminate the need for using noxious organomolybdenum friction
modifier compounds in the lubricant.

2. Materials and methods
2.1. Materials and lubricants

Lubricated reciprocating sliding experiments of a mirror-polished
Mo disk (details in the next paragraph) against steel balls (10 mm diam-
eter, AISI 52100) and Si3N4 balls (10.3 mm diameter) were conducted
with an SRV tribometer (Optimol, Germany). The reciprocating fre-
quency was 10 Hz, the oscillation amplitude was 1 mm, and the normal
force was 10 N (resulting in an initial mean contact pressure of 0.76 GPa
for the steel ball and 0.88 GPa for the ceramic ball counterbody). In gen-
eral the experiments were conducted at a temperature representative
for engine oils (100 °C), while a temperature variation (23, 40, 100,
and 130 °C) was also used to study the role of the system temperature
on the tribofilm composition and frictional performance. For each pa-
rameter set, three independent measurements were conducted and
averaged.
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A forged molybdenum rod (hardness of 230 HV 10, Young's modulus
of 320 GPa, and 99.97% purity, from Plansee SE, Austria) with 25 mm
diameter was cut into discs of 7 mm thickness. These were mirror-
polished to a surface roughness of R, = 11 4 3 nm and used as base ma-
terial for our reciprocating sliding tests. Bearing steel balls (AISI 52100)
with a diameter of 10 mm and a hardness of 63 HRC as well as SisN,4
balls (grade 5) with a diameter of 10.3 mm served as counterbodies.

The lubricant used was a poly-alpha-olefin oil (PAO 8) with a viscos-
ity of45.5 and 7.9 mm?s ™~ at 40 and 100 °C, respectively. Oils with four
different extreme pressure (EP) additive contents of 0, 1.5, 3, and 5 wt%
were used. The commercially available EP additive (LZ 5340 MW,
Lubrizol, USA) is based on sulfurized olefin polysulfide and contained
40 at.% S.

2.2. Surface characterization

After the reciprocating sliding tests, the samples were gently rinsed
with n-heptane (to remove residual lubricant without damaging any
formed tribofilm) for detailed Raman investigations with a LabRam
ARAMIS (Horiba, Japan) Micro-Raman spectrometer. The samples
were excited with a 532 nm wavelength laser (laser power of 2 mW)
and measured from 100 to 3200 cm ™! with a 1200 g-mm ! grid.

The worn surfaces were additionally investigated with a Leica DCM
3D confocal microscope (Leica Microsystems GmbH, Germany) for
measuring the wear volumes. Based on surface topography measure-
ments, the removed wear volumes were determined as the difference
between the untested flat surface (reference) and the worn surface.
The reported values for all test conditions are the average of three
measurements.

High-resolution transmission electron microscopy (HR TEM) inves-
tigations were conducted with a TECNAI F20 field emission TEM (FEI,
USA) in imaging, diffracting and scanning mode using an acceleration
voltage of 200 kV. Prior to the analyses, the samples were protected
with a Pt layer and subsequently a lamella was milled perpendicular
to the sliding direction with a Quanta 200 3D DualBeam focused ion
beam (FEI, USA). Since S-K lines overlap with Mo-L lines in EDX spectra,
EELS was conducted for chemical investigations. The loss spectra were
obtained with a GIF Tridiem (Gatan, USA) and quantified on the core
losses at energies of 165 eV and 227 eV for the S-L2,3 edge and the
Mo-M4,5 edge, respectively.

X-ray photoelectron spectroscopy (XPS) analyses were performed
on Mo disks and steel balls using a Theta Probe equipped with a mono-
chromatic Al Koo X-ray source (hv = 1486.6 eV) and Ar + ion gun
(Thermo Fisher Scientific, USA). The base pressure inside the XPS cham-
ber was kept constant at values in the range of 10~ Pa during the mea-
surements. The investigated samples were measured after the
experiments in as-tested condition after gentle rinsing with n-heptane
and after sputtering in the XPS chamber using soft Ar + for 20 s, with
3 kV and 1 pA sputter current in order to remove surface contaminants
(ca. 1 nm depth). A pass energy of 50 eV was used for the high resolu-
tion spectra and the resulting binding energies were referenced to ad-
ventitious carbon at a binding energy of 284.6 eV.

3. Results and discussion
3.1. In-situ formation of MoS, as function of additive concentration

Pin on disk tests with steel balls on Mo surfaces at 100 °C, Fig. 1a,
show a high coefficient of friction (COF) of ~0.3 when using oil without
EP additive. The EP additive containing oils immediately lead to steady-
state COF values of 0.08. Based on Raman spectroscopy, Fig. 1b, the re-
duced COF can be correlated with the presence of MoS,, for which a
Raman shift at 383 cm ™! (in-plane E3, mode) and 408 cm ™! (in-plane
Aqg mode) is expected [43]. The missing Raman peaks at lower and
higher wavenumbers suggest that the formed MoS, is plate-like with
only a few MoS, layers in thickness. MoS; nanoparticles would yield
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Fig. 1. Influence of the EP additive concentration during lubricated reciprocating sliding of
a steel ball against a mirror-polished Mo disk at 100 °C. (a) Evolution of the coefficient of
friction (COF) and (b) Raman spectra of the tribofilms after the experiment. (c) Raman
spectra of regions at the rim of the contact area (labelled metallic), in the center of the
contact area (labelled tribofilm), and accumulated wear debris, after the experiment
with a 3% EP additive containing oil. A corresponding top view light optical microscope
image of the entire wear track showing these areas is given in (d).

peaks with a wider full width at half maximum (FWHM) and slightly
downshifted signals [44,45]. At the same time, partially overlapping sig-
nals from FeS, (at 342, 378 and 429 cm™ ') [46] cannot be responsible
either, since the missing peak at 342 cm ™! suggests that its content is
only small (if present at all). Highly oriented MoS, thin films exhibit a
broad Raman peak at ~445 cm™! [47], which is not the case here.
Thus, the distinct Raman pattern suggests defected crystalline order
for the formed MoS,, which can also be seen in the peak structures at
low wavenumbers around 227 cm ™!, where the broken crystal symme-
try can activate (due to the Raman selection rules) Raman-inactive
modes [44,45]. A similar behavior was also found for graphitic carbon
materials [48].

In addition to the lower COF, the MoS; containing tribofilm also
leads to a smoother running-in and steady-state value with increasing
concentration of EP additive, which is highlighted by their lower stan-
dard deviation, Fig. 1a. The increasing intensity of the MoS, Raman sig-
nals with increasing EP additive content indicates increasing fraction
within the tribofilm formed. This is also connected with a decreasing
running-in period (until the steady-state friction is reached), because
reaction rates are concentration dependent. The experiments without
the EP additive show massively more molybdenum oxide (MoOs) and
no MoS,. Consequently, and supported by the conclusions presented
in [36] that the reaction pathway to form MoS; relies on intermediate
oxide formation, MoOQs is steadily transformed towards MoS; by the
EP additive.
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Interestingly, the contact area during our experiments without EP
additive turned dark due to the formation of a carbon-based tribofilm,
as proofed by Raman spectroscopy (Fig. 1b) showing the characteristic
D and G band structures at 1379 and 1587 cm ™. The center position
of the G band (Xg) and the intensity ratio between D and G peaks
(Ip/lg) (often used as a defect index) suggest an amorphization of
stage 1 (graphite to nanocrystalline graphite) or stage 2 (nanocrystal-
line graphite to hydrogenated amorphous carbons) according to Ferrari
and Robertson [49]. The absence of a G' band at around 2700 cm™ ! indi-
cates that the carbon-based tribofilm could corresponds more to stage 1
and therefore be based on graphite to nanocrystalline graphite (sp?-
bonded carbon); only a small fraction of C-H bonds can be noticed
with the Raman shift at 2900 cm ™. Raman spectroscopy of the black
wear debris (accumulated at the turning points of the reciprocating slid-
ing test) match results of tribofilms formed on diamond-like-carbon or
MoN-Cu coatings [9]. The precise nature of these carbon-derived
tribofilms is controversial. While pioneering works attributed the
Raman D and G signatures to the presence of graphitic or DLC tribofilms
[9,10], a recent work [12] has shown strong experimental evidence that
this C products are high-molecular weight hydrocarbons acting as solid
lubricant. These products present an identical Raman spectra as DLC,
with peaks around 1350 and 1580 cm ™! but contrastingly, they decom-
pose at temperatures of around 350 °C.

In the tribofilms formed during lubricious contact with EP-additive-
containing oils also carbon-based structures can be identified, but with a
considerably smaller quantity (smaller characteristic features in the
Raman spectra). The MoS,-to-carbon intensity ratios suggest that the
formation of MoS, and carbon structures are competing effects, with
MoS, being dominant for EP containing oils. Interestingly, for the exper-
iments with EP containing oils, the Raman spectra of the tribofilms
show increasing G band intensity with increasing EP additive concen-
tration. Consequently, decomposition of higher additive concentrations
- for the reaction between S and Mo - also leads to higher amounts of
carbon-based fragments. These presumably smaller fragments can be
transformed to carbon structures causing higher G band peaks. How-
ever, the reactive formation of MoS, decreases the catalytic activity of
the Mo surface for breaking hydrocarbons and therefore the character-
istic D and G band structure massively decreases in intensity when
changing from the oil without EP additive to those with (please remem-
ber, S from the EP is required to form MoS5).

The wear scars formed by the reciprocating sliding test consist of
groves and micro ploughed regions, due to the relatively high ductility
and low hardness of Mo when compared to hard coatings. Therefore,
any carbon-containing tribofilm that is formed on the Mo surface (as
mentioned above, derived from hydrocarbons) is buried in surface
ploughs or worn away and settles in the surrounding debris. Hard
coatings could provide sufficient support to unfold the lubricious po-
tential of the carbon-based tribofilm formation, as observed in [9].
Raman spectra, Fig. 1c, of three characteristic areas of the wear track
(at the rim, in the center, and from accumulated debris, as marked
in the overview light optical microscopy image, Fig. 1d), show the dif-
ferent intensities for MoS, and carbon structures. The wear debris give
the highest intensities for Raman features indicative for MoS, and car-
bon structures. In the center of the wear track, especially the signal
from carbon structures is weak. At the rim of the wear track, no inten-
sities from carbon structures can be detected, whereas there are still
features indicative for MoS,. This indicates a better adhesion of MoS,
when compared to graphitic structures, because the latter are con-
stantly removed and deposited as wear debris, which therefore gives
a high corresponding Raman feature. There is strong experimental ev-
idence showing that van der Waals interactions cause strong adhesion
of MoS; platelets to metallic substrates [50,51]. This explains why the
COF is markedly lower when using EP-additive-containing oils, which
allow for the formation of MoS,. Without EP additives, only the carbon
structures can act as friction modifiers, but these structures have a
weaker adhesion than MoS,.
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3.2. Role of lubricant temperature on the formation of MoS,

The lubricant temperature has a clear influence on the reactive for-
mation of MoS, and on the resulting tribological properties of the
tribofilm, see Fig. 2a. Experiments at 130 °C exhibit an extraordinary sta-
ble and reproducible low COF of ~0.08. At higher temperatures many
chemical reactions proceed with a significantly increased rate, as
thereby the necessary activation energy is easier reached and kinetic re-
strictions can be overcome. As a consequence, the growth rate of
tribofilms results also in an Arrhenius dependency, as experimentally
observed [11,52]. The interfacial temperature in a tribological contact
also varies with applied load, which in our case was kept constant,
due to the contribution of flash temperatures. Although our investiga-
tions show crystalline MoS, structures (being highly defected as sug-
gested by Raman spectroscopy), previous studies indicate their
crystallization from amorphous state due to high shear stresses and
temperature active during tribological contacts [53,54]. The results
also show that even though the COF is considerably higher at lower
temperatures (23 and 40 °C), the consistent intensities of the MoS,
Raman peaks (Fig. 2b) suggest the presence of MoS, in all tribofilms.
The COF differences cannot be explained by oil viscosity differences,
thus, we propose that the higher diffusivity (at higher temperatures)
enhances self-assembly of MoS; [53]. The difference in oil viscosity
may also be the reason for the slightly higher COF measured at 40 °C
compared to 23 °C, even though both values are fairly close.

Based on these observations, we can conclude that the elevated tem-
perature is a key factor for the reactive formation and self-assembly of
MoS; layers, leading to a very stable and reproducible low friction.
This behavior is intrinsically different to the one observed in nanolub-
ricants containing transition metal dichalcogenide (TMD) nanoparti-
cles. There, an increase in temperature degrades the tribological
performance of the TMD tribofilms, due to oxidation of MeS, to MeOs
(with Me = Mo, W) [55]. In both cases, the tribofilms contain a few
self-assembled TMD layers. The main difference is that TMD nanoparti-
cles produce the tribofilm by exfoliation of platelets from them, while in
our case the layers of MoS, are produced reactively. The presence of EP
additive during the test allows for a continuous in-situ re-sulfurization
of molybdenum oxide, as observed in [56,57], therefore higher temper-
atures are beneficial.
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Fig. 2. Influence of the contact temperature on friction and tribofilm formation during
contact with a 3% EP additive containing oil against a steel ball. (a) Lower coefficient of
friction and (b) stronger carbon-based Raman signals with higher temperatures.



B. Kohlhauser, C.I. Vladu, C. Gachot et al.

The results obtained here further suggest that the higher tempera-
ture (hence, allowing to easier reach the necessary activation energy)
also promotes formation of carbon-derived structures. Besides temper-
ature, the growth rate of this carbon-derived tribofilms is determined
by the shear stresses [11]. If we consider a reduced shear caused by
the presence of the now active MoS, lubrication (which could also lo-
cally decrease flash temperatures) the higher overall temperature also
causes a reduced oil viscosity. Thereby, single asperity contacts increase
resulting in severe shear conditions locally, by which tribochemical re-
actions are supported again. This comparison of temperature effects
(externally applied and internally generated) highlights the huge com-
plexity of frictional effects and their dependence on simple changes
(like temperature); an enormously dynamic process.

3.3. Role of the counterbody on friction

To impart severe contact conditions, the tribological experiments
were repeated with an oil containing 3% EP additive at room tempera-
ture and at 100 °C, but now using a ceramic SisN4 ball. The hard and
inert counterbody not only eliminates any potential tribochemical role
of the iron surface, but also simultaneously allows for a higher contact
pressure (because it experiences nearly no flattening due to its negligi-
ble wear). Initially, the coefficient of friction (at 100 °C) is as low as 0.06
but steadily increases to around 0.1, Fig. 3a. At room temperature, the
COF starts at 0.08 but rapidly increases to 0.1 after the first initial sliding
cycle (which takes about 100 s). However, in the long run (after 300 s)
the COF is lower than at 100 °C.

The room temperature experiments show that although the Raman
peaks characteristics for MoS, are significantly lower with a SisN,4 ball,
the COF is well below the value obtained with a steel ball (compare
Fig. 3a and b). It should be noticed that correlation between the
intensity of the Raman peaks and the tribofilm performance is not
straightforward. As shown in Fig. 1c, the regions with a higher Raman
signal are those with accumulated debris at the turning point of the
wear scar. This suggests that a higher Raman intensity may arise due
to a higher formation together with a higher removal rate of MoS,. In
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Fig. 3. Influence of the counterbody on friction and tribofilm formation during contact
with a 3% EP additive containing oil at room temperature (23 °C) and 100 °C. (a) The
temperature has a stronger effect on the COF against steel than Si3Ny4 balls. (b) At 100 °C
the carbon-based Raman signals are stronger when using SisN, instead of steel balls,
whereas at room temperature no carbon-based Raman signals can be detected when
using Si3Ny4 or steel balls. Contrary, the MoS, Raman signal is significantly stronger
(even at 23 °C) when using steel instead of Si3Ny4 balls.
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case of using a Si3N4 ball, its higher deformation resistance leads to a
smaller contact area and more severe conditions in the contact, favoring
the formation of a stable MoS; tribofilm. At 100 °C, the Raman spectra
show comparable MoS, signals but significantly different carbon-
based signals for SisN,4 and steel balls. With a SisN4 counterbody, the D
and G bands have a ratio of almost 1:1 and their intensity is larger
when compared to the experiments performed with a steel ball. Conse-
quently, the formation of MoS, and carbon products is supported by
higher temperatures. Although MoS,/graphene heterostructures have
been investigated for their superlubricity [58], the increased intensity
of the Raman peak at 227 cm ™! (indicative for amorphous or highly
defected crystalline MoS, structures) with increasing temperature
(and thus increasing carbon-based content) suggests that the formation
of carbon-based products hampers the self-assembly and recovery of
MoS, layers. The recent work of Berman et al. highlights that macroscale
lubricity requires the tribochemical formation of onion-like carbon
structures that emerge by amorphization of nanodiamond due to the
diffusion of sulfur from MoS, [59]. In our case, the nature of the catalyt-
ically derived carbon structures is intrinsically different to the
nanodiamond used in their work [12]. Another contributing factor for
the rise of COF from 0.06 to over 0.10 is the high contact pressure
imparted by the SisN4 ball. As thoroughly researched in our previous
work [36], an increase in contact pressure resulted in a rise in friction,
while for lower contact pressures, the initial low friction could be main-
tained or even slightly reduced. However, the intensity of the peaks
characteristic for disulfides increased for higher contact pressures.

3.4. Impact of test parameters on wear

The removed wear from the Mo disk against steel balls is more pro-
nounced when using oil with a higher S content, Fig. 4a, and at higher
temperatures, Fig. 4b. The experiments at 100 °C clearly show that the
oil with 1.5% EP additive allows for the same small wear volume as
that without EP additive, but results in significantly lower friction coef-
ficients, compare Fig. 1a. The oil with higher EP additive concentration
leads to significantly more abrasive wear, while allowing for a similar
small friction coefficient as that with 1.5% EP additive. When reducing
the temperature from 100 to 40 °C (for the experiments with the 3%
EP additive containing oil against steel) the wear volume massively de-
creases, Fig. 4b. Unfortunately, this is connected with a jump to higher
coefficients of friction, compare with Fig. 2a. These results suggest that
a higher rate of MoS, formation either supported by a higher tempera-
ture or higher additive concentration, results in a higher wear of the Mo
disk. The higher wear is in part the consequence of tribochemical deple-
tion of Mo together with a higher amount of debris that partly oxidizes
to abrasive MoOs.

When replacing the steel with a SizNy4 ball, the wear volume is re-
duced by one order of magnitude for the room temperature experiment
and even two orders of magnitude for the 100 °C experiment, see Fig. 4c.
The Si3N4 ball provides also an excellent coefficient of friction, which at
room temperature is only slightly above that against steel at 100 °C,
Fig. 3b. The excellent performance of the SizN,4 ball was also observed
in our previous work, where in combination with the same EP additive
lead to no wear on Mo substrates and WN coatings due to the in-situ
formation of a low friction and wear protective MoS, or WS, tribofilm
[36]. In the present work, another contribution could be due to the
higher formation rate of C-based products when using SisN4. These C-
based tribofilms have been found in previous works to have low friction
and also anti-wear properties [9]. In the present case, it seems that their
anti-wear properties are maintained when intensively formed using
Si3N,4 at the price of hampering the low friction provided by MoS,.

3.5. Self-assembly of MoS, nanoflakes in carbon tribofilms

The morphology, microstructure and chemistry of the tribofilm
formed during contact between the Mo disk and the steel ball (with
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Fig. 4. Removed wear volume during lubricated reciprocating sliding of a steel ball against
a mirror-polished Mo disk. Influence of (a) the EP-additive concentration in the oil during
the 100 °C experiments, (b) the temperature when using a 3% EP-additive containing oil,
and (c) the counterbody material for room temperature and 100 °C experiments with a 3%
EP-additive containing oil.

3% EP additive containing oil at 100 °C) is investigated by transmission
electron microscopy of a FIB cut-out section perpendicular to the sliding
direction. The scanning TEM overview image, Fig. 5a, shows the accu-
mulated wear debris and the cross-section of the tribofilm within the
groves (from the reciprocating sliding event against the steel ball) of
the Mo disk. The grooved surface exhibits plastically induced grain re-
finement at the subsurface near regions. A significant amount of micro
ploughing leads to the buildup of lamellar Mo structures (next to the
grooves), which are separated by tribofilm inclusions.

An EELS line-scan across the outermost region with the tribofilm
(Fig. 5b) indicates that the tribofilm basically contains carbon (derived
from the oil) and Mo (from the disk), and is about 50 nm thin. While
some of the Mo particles are metallic, most of them overlap with an in-
creased sulfur signal as well, suggesting the formation of Mo-S (S from
the EP additive). The EELS line scans further show that the C profile al-
ternates with the Mo profile and the surface-near freshly formed
tribofilm contains more C (Fig. 5b) than the older buried-in tribofilm
particles (Fig. 5c). There, the S content even exceeds 30%, indicating a
significantly higher amount of reactively formed MoS,. This suggests
that the MoS, formation proceeds with the number of sliding cycles.

HR TEM investigations of the buried-in wear debris region (as indi-
cated in Fig. 5¢) clearly show by selected area electron diffraction
(SAED pattern given in Fig. 6a) that there are three crystalline phases:
Mo debris from the sample, Fe debris from the steel ball, and MoS,.
The signals from Fe crystallites are rather weak whereas those from
MoS, are intense. No crystalline iron sulfides could be detected,
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Fig. 5. Morphology and chemical composition of tribofilm and wear debris formed during
contact between the mirror-polished Mo disk and a steel ball when using a 3% EP additive
containing oil at 100 °C. (a) Scanning TEM overview of the FIB cross-section. (b) EELS line
scan across the outermost region of the surface with a freshly formed tribofilm (as
indicated in (a)). (c¢) EELS line scan across older buried-in wear debris particles (as
indicated in (a)).

regardless of the strong affinity between Fe and S (S from the EP addi-
tive). The lack of iron sulfides in the TEM lamella is in agreement with
XPS spot measurements performed on the wear track. These measure-
ments reveal the presence of iron in metallic form and as oxide together
with molybdenum in metallic and sulfide form. XPS spot analyses on the
steel ball counterbody show a similar composition without the presence
of iron sulfides (Table 1).

Detailed HR TEM investigations of the surface-near region with a
freshly formed tribofilm (partly sandwiched between micro-ploughed
lamellae), Fig. 6b, indicate small crystallites, having a lattice spacing
with 2.66 A very similar to MoS, (2.73 A), see the inset in Fig. 6b. Fast
Fourier Transformations of these regions also fit a MoS, pattern (not
shown).

These investigations further proof the formation of MoS, during our
experiments. However, also its orientation with respect to the sliding
surfaces is essential, which could be identified from the wear debris
area, Fig. 1c. The two facing Mo-rich surfaces are covered with layers
whose lattice spacings (6.19 A) match the (002) lattice plane distance
of MoS, (6.15 A). Between these surfaces, the crystalline particle with
a lattice spacing of 2.67 A again fits to MoS,, with the (001) lattice
plane distance of 2.73 A. Corresponding MoS, structures were also
found previously in annealed initially amorphous thin films [47].
Other regions also show 002-oriented MoS; layers at the Mo particle
surfaces while the carbon-based regions are on top of these MoS, layers,
Fig. 6d. This clarifies that essentially MoS, (and not the carbon-based re-
gions) guarantees for easy-to-shear layers between contacting bodies.
Hence, the macroscopically observed low friction merely relies on a
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Fig. 6. HR TEM investigations of the tribofilm and wear debris formed during contact between the mirror-polished Mo disk and a steel ball when using a 3% EP additive containing oil at
100 °C. (a) SAED pattern of the debris area indicated with a dashed circle in the small inset. (b) HR TEM image of the tribofilm freshly formed at the outermost surface region indicating the
area where the Fast Fourier Transformation (FFT) was performed. (c) MoS, layers formed on top of Mo-rich wear debris and (d) carbon-based material between MoS, layers covering Mo-
rich particles.

few self-assembled MoS, monolayers formed reactively via a to catalytically decompose base oil molecules to form sp2-bonded

tribochemical reaction between Mo disk and S-containing EP additives. carbon-based tribofilms. In the presence of S-containing EP additives
(in the lubricant) the reactive in-situ formation of MoS, self-
4. Conclusions assembled nanoflakes is favored. We envision that the retarded break-

age of hydrocarbon molecules together with a reduced catalytic activity
Based on lubricated reciprocating sliding tests of a plain Mo disk of the Mo surface is responsible for the simultaneously observed re-
against steel and SizN,4 balls we can conclude that Mo surfaces are able duced formation of oil-derived carbon products. The reason is that

Table 1
Relative surface atomic concentrations of elements found on the Mo disk and on the steel ball.
Element State Binding Energy (eV) Concentration (atomic %)
Mo Disk (as-tested) Mo Disk (sputtered) Steel ball (as-tested) Steel ball (sputtered)
S Sulfide 161.57 7.8 124 17.0 203
Organic 162.50 - - 34 7.7
Organic 163.34 0.8 3.8 - 2.5
Sulfate 168.90 0.7 - 0.7 -
Mo Metal, Carbide 22791 2.8 16.5 1.5 9.6
MoS,, MoO, 228.8 39 24.7 7.3 143
MoO3 232 34 - - -
C Carbide 283.23 - 7.0 - 8.9
C-C 284.29 424 6.8 46.9 49
Cc-0 285.35 6.2 4.6 2.6 2.1
Carbonate 288.71 29 - 1.8 -
o] Metallic 530.19 6.6 15.9 3.1 6.7
Organic 531.41 17.2 5.8 11.6 5.5
Fe Metallic 706.88 0.1 14 2.1 10.5
Oxide 710.37 0.7 0.9 2.0 7.1
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MoS, forms at the Mo surface, covering the catalytic metallic surface
and also lowers the frictional energy input. While MoS, can already be
observed in the tribofilm during the room temperature experiments,
oil-derived carbon products require higher temperatures. Even though
oil-derived carbon tribofilms have been reported to act as solid lu-
bricant, in our case the only presence of C tribofilms is insufficient for
decreasing friction in the absence of MoS,. Further, in some circum-
stances, such as when using a SizN4 counterbody, the presence of C
tribofilms hampers the frictional performance of the reactively formed
MoS, nanoflakes.

Detailed HR TEM with SAED and EELS show that the self-assembled
MoS; layers are only a few nm thin and perfectly 002-oriented at the Mo
surfaces. This guarantees for a perfect alignment of their easy-to-shear
planes parallel to the sliding surfaces, enabling a low COF.

Our experiments of reciprocating sliding steel and SizN, balls against
a plain Mo disk clearly show the promoted formation of MoS, when
using steel, especially at higher temperatures and with higher EP addi-
tive containing oils. Unfortunately, this is also accompanied with a
higher depletion of Mo that results in a higher wear. The harder but
inert SisN4 counterbodies lead to an initial COF as low as 0.06 connected
with a negligible wear of the Mo disk. However, the rapidly increasing
COF suggests for insufficient formation of MoS, or a higher removal
rate. These results indicate that the removed volume is connected
with the reactive in-situ formation of MoS,. The combination of 1.5%
EP additive containing oil and steel balls led to a unique performance
against Mo (at 100 °C) with a COF as low as 0.08 and a hardly measur-
able removed wear volume.

Performing our experiments with plain Mo disks allows shedding
light on the reaction kinetics and unveiling the tribochemical processes
that lead to the in-situ reactive formation of MoS,. This is essential to
implement their self-assembly to other material classes like hard coat-
ings containing Mo, as for example MoN. The results can also further
used for the design of triboactive surfaces containing molybdenum or
molybdenum carbides such as steels or molybdenum alloys. In all
cases, the presence of Mo in the surface as carbide, nitride or in metallic
form avoids the use of organometallic friction modifiers containing Mo,
thus contributing towards greener lubrication.
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