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Abstract

Molybdenum disulfide (MoS,) is an effective friction modifier that can be formed on surfaces from oil-soluble lubricant
additives. Different additive chemistries can be used to form MoS, on a surface. The tribofilms formed from three different
molybdenum additives (MoDTC Dimer, MoDTC Trimer, and molybdate ester) were studied in additive monoblends and
fully formulated systems. The resulting tribofilms were then characterized by Raman spectroscopic spatial mapping, XPS,
and FIB-TEM. The distribution of MoS, on the surface was much more sparse for the molybdate ester than the other addi-
tives. No crystalline molybdenum oxides were observed by Raman spectroscopy, but their presence was inferred from XPS
analysis. XPS analysis showed very similar distributions of Mo oxidation states from each additive, such that the chemical
nature of the films formed from all of the additives is likely similar. Each of the additive tribofilms was observed to have
MoS; vibrations in Raman and persulfide XPS peaks associated with amorphous MoS;, as such this species is presented as a
common frictional decomposition product for all the additives. The MoDTC trimer is more able to produce this amorphous
species on the contacting surfaces due to its structural similarities to the co-ordination polymer MoS;.
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1 Introduction

In mechanical contacts, there is always a fraction of energy
input lost to friction. Automotive engines contain many such
contacts, and their cumulative frictional losses adversely
impact fuel efficiency. The reduction of this energy wastage
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is a target for both improving fuel economy and reducing
emissions [1-3].

In automotive lubricant formulations, oil-soluble molyb-
denum-sulfur compounds have been utilized for many
years to form the insoluble, low-friction lattice material
molybdenum disulfide (MoS,) in situ. The layered crystal
structure of MoS, consists of stacked, trigonal prismatic
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molybdenum-sulfur sheets [4]. There is strong covalent
bonding between the molybdenum and sulfur atoms within
a sheet but only weak Van Der Waals forces acting between
sheets, which easily shear over one another in boundary-
lubricated contacts [5].

Molybdenum disulfide can be formed from a variety of
different additive chemical structures, either through decom-
position of the additive molecules themselves or through
interaction with other additives in a lubricant formulation.
Common molybdenum friction modifier additives include
the molybdenum dialkyldithiocarbamate (MoDTC) dimeric
structure (Fig. 1a), MoDTC trimers (Fig. 1¢), and sulfur-free
molybdate esters (Fig. 1b).

The majority of research in the field of molybdenum-sul-
fur friction modifiers has centered on the MoDTC dimeric
structure [6—10]. This additive contains both sulfur and
oxygen, with a range of degrees of oxidation, depending on
synthesis and thermal oxidation of the additive structure [9,
10]. The MoDTC dimer is able to form MoS, in base oil,
without requiring other additive interactions. Grossiord et al.
[11] proposed that the MoDTC dimer decomposes through
a mixed molybdenum oxysulfide, which decomposes fur-
ther to form crystalline MoS, and molybdenum oxides [12].
Raman analysis of MoDTC dimer wear scars has struggled
to confirm the presence of molybdenum oxides, except under
high-temperature conditions or laser-induced film oxidation
[6, 7, 13]. However, evidence has been found by Raman for
the formation of iron molybdate species such as FeMoO,
by Okubo [14] and Khaemba [15] which might act as a can-
didate for a potential oxygenated decomposition product in

place of molybdenum oxides. In addition, Khaemba pro-
posed that the decomposition of MoDTC dimers proceeds
in a two-step mechanism [15]. The first step involves the
tribologically activated conversion of the MoDTC dimer
molecule to amorphous MoS,, followed by formation of
MoS, from this intermediate, dependent on temperature,
shear stress, and MoDTC dimer concentration.

Some studies have determined the friction performance
of this additive in tandem with a MoDTC trimer structure
(Fig. 1c), which has improved antioxidant properties relative
to the MoDTC dimer [16—19]. This has led to its inclusion
in oil formulations to extend the friction-reducing lifetime
of a lubricant relative to MoDTC dimer alone [20-22]. Like
the MoDTC dimer, the MoDTC trimer is able to form MoS,
dissolved alone in base oil. As the MoDTC trimer is often
used as a comparative reference to the MoDTC dimer, there
has been less interest in determining its specific decompo-
sition mechanism relative to MoDTC dimer. Pawlicki et al.
[23] have proposed from simulations that the MoDTC trimer
decomposes through formation of a three-dimensional net-
work of layered trimer molecules which form pseudo-MoS,
nanostructures. The MoDTC trimer is a sulfur-rich species
with less oxygen content than the MoDTC dimer. As the
most sulfur rich of the commonly studied additive species,
this additive may be more easily able to decompose to form
molybdenum sulfides than the MoDTC dimer. In commer-
cial formulations, the MoDTC trimer exists as a range of tri-
meric Mo:S cores, the major component of which is shown
in Fig. 1c [21, 24]. The friction coefficients of films derived
from the MoDTC trimer have been comparable with those
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Fig. 1 Molybdenum additives used in this study, a MoDTC dimer, b Molybdate ester, ¢ MoDTC trimer
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of the MoDTC dimer, dependent on the surface chemistry
and contact conditions [16, 17, 19].

Environmental regulations have provided increased
motivation to reduce the sulfur content of oils. This has led
to renewed interest in formulations containing sulfur-free
molybdates initially developed in the 1960s [25-28]. Molyb-
date ester structures of the type used in this study do not con-
tain sulfur. They exist as oxygenated molybdenum species
with a Mo (VI) center bonded to four oxygen atoms. Sulfur-
free molybdates form MoS, in tribological contacts through
interactions with sulfur-containing additives in a formulation
such as zinc dialkyl dithiophosphates (ZDDP). Molybdate
esters are unable to form MoS, without other additive inter-
actions due to a lack of sulfur in their structure. One such
commercial example of these additives is the mixture of
amide and ester structures presented in (Fig. 1b). In addition
to these structures, molybdate salts can also be stabilized by
long chain amines and other amphiphiles. De Barros Bou-
chet et al. [19] have proposed that this additive decomposes
via sulfur exchange of the molybdate structure with ZDDP
to form oxythiomolybdate and tetrathiomolybdate intermedi-
ates. Tetrathiomolybdates have previously been shown to be
effective sources of MoS, for friction reduction in aqueous
solutions [29, 30]. The friction-reducing properties of this
additive have been shown to be improved through the addi-
tion of amine dispersants to model oil systems [19]. Oumahi
et al. [31] showed that the molybdate ester additive in con-
junction with ZDDP forms MoS, tribofilms with MoS; as
a decomposition intermediate. In milder contact condition
tests with higher friction, more MoS; was observed. As con-
tact conditions were made harsher, more crystalline MoS,
was found by Raman spectroscopy. Unlike for the MoDTC
dimer, Raman spectroscopic analysis of the molybdate
ester and MoDTC trimer has not shown the presence of iron
molybdate peaks.

It is widely accepted that all these additive structures
are capable of forming MoS, in a contact and of providing
improved friction performance. However, it is not clear if
these additives form MoS, through the same mechanism,
or whether the additive chemistry affects the nature of the
MoS, tribofilms formed from them. The additives have been
shown to have different levels of friction performance under
identical tribological conditions, depending on the contact
conditions and surface chemistry. Therefore, the choice of
additive structure has an effect on friction for a given sys-
tem, possibly by reacting to produce MoS, films with differ-
ent properties. It is of interest to determine if the choice of
molybdenum additive chemistry changes the nature of the
films derived from those additives. Is the film derived from
molybdenum friction modifiers common to all additives
or does the choice of friction modifier structure affect the
coverage, thickness, and chemistry of the films? Answering
this question would be helpful to determine if intermediates
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proposed for additive decomposition are common to all addi-
tives, such that they may all decompose by similar mecha-
nisms. In addition, it is desirable to be able to relate the
properties of an MoS, tribofilm to its friction performance
such that a model for an ideal tribofilm can be constructed.
Therefore, comparisons of the properties of films derived
from different additive structures can be helpful in future
molecular design.

In this study, the differences, both physical and chemical,
between the molybdenum disulfide structures formed from
each of the three additives, MoDTC dimer, MoDTC trimer,
and molybdate ester under identical tribological conditions
were assessed. Understanding the chemistry of MoS, forma-
tion of these additives can aid mechanistic understanding
and inform future molecular design.

2 Materials and Methods
2.1 Lubricants and Tribological Conditions

The additives used in this work were a mixture of labora-
tory synthesized and industrial molybdenum additives. The
MoDTC dimer was a laboratory synthesized MoDTC dimer
with the level of sulfurization presented in Fig. 1a. As the
level of oxidation of this additive can vary in industrial for-
mulations, it is important to control oxidation with a syn-
thesized additive to keep surface-binding and decomposition
behavior as consistent as possible. The MoDTC dimer had
2-ethylhexyl R groups. The MoDTC trimer was an indus-
trial additive with a C8-C18 length alkyl R groups. The
molybdenum-sulfur core can exist in alternate forms, the
form presented in Fig. 1c predominates to the best of current
structural knowledge. The molybdate ester is an industrial
mixture of molybdate esters and amides with alkyl chain
lengths of C8-C18.

The tribological properties of these additives were studied
in both monoblend and fully formulated oil (FFO) lubricant
formulations. The monoblend oils contained the additives
at 500 ppm [Mo] in a Group IV polyalphaolefin (PAO) SAE
0 W grade base stock. This base stock for the monoblends
has a kinematic viscosity of 18.3 ¢St at 40 °C and 4.2 cSt
at 100 °C. The fully formulated systems contained a full
package of additives, including molybdenum additives at
800 ppm [Mo] and a mixture of primary and secondary
C3-C10 ZDDPs at 750 ppm [P] in a SAE 0 W-08 grade base
stock. The fully formulated oils had a kinematic viscosity
of 24.9 ¢St at 40 °C and 5.3 cSt at 100 °C. A PAO base oil
was used as a control for the monoblend systems with a kin-
ematic viscosity of 18.2 ¢St at 40 °C and 4.2 ¢St at 100 °C.
A fully formulated oil without molybdenum was used with
the same ZDDP concentration described previously and
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a kinematic viscosity of 24.6 ¢St at 40 °C and 5.3 cSt at
100 °C. All oil systems were provided by Infineum UK.

Tribological testing was performed with AISI 52100
steel pins and plates using a Cameron-Plint TE77 recipro-
cating pin-on-plate tribometer. The plates had dimensions
of 15 mm X 15 mm X 3 mm, the pins were 6 mm in diameter
with a curved head. The radius of curvature of the pin’s
head was 40 mm. The tribological contact conditions were
selected to produce chemically representative tribofilms for
study. These conditions are not intended to simulate any
particular engine contact but provide a suitable boundary-
lubricated contact for the facile formation of MoS, tribo-
films. Tribofilm formation took place under the conditions
outlined in Table 1.

Table 1 Tribological contact conditions for formation of MoS, tribo-
films

Condition Value
Load 100 N
Plate surface roughness (R,) 40-60 nm
Frequency SHz

Sliding speed

0-0.11 ms™! (Recip-
rocating range)
0.07 ms~! (Mean)

Maximum nominal hertzian contact pres- 342 MPa
sure
Mean nominal hertzian contact pressure 228 MPa
Test duration 2h
Lubricant bath temperature 100 °C
Pin radius of curvature 40 mm
Sliding distance 504 m
Stroke length 7 mm
Maximum lambda ratio 0.05

1.5 1

-1.5

T T
1284.0 1284.5

T
1285.0

Time (seconds)

Fig.2 Voltage square wave response of the tribometer load cell in

reciprocating contact

The reciprocating friction force is measured by a load
cell, which outputs a square voltage wave (Fig. 2). Every
30 s, the square wave voltage is recorded for 1 s with 1000
data points. The root-mean-square value of the modulus of
the wave amplitude is then compared to a load versus cell
voltage calibration curve for the load cell. Division of this
value by the normal load allows the coefficient of friction
for the measured time to be determined. This procedure
provides a coefficient of friction value point every 30 s, to
produce friction traces against time. To determine the mean
final friction coefficients, the mean friction coefficient value
of the final ten minutes of the friction test was taken. Three
repeats of each oil system were performed to ensure the
repeatability of the observed behavior of the oils. Standard
deviation error of the final 10 min friction coefficients values
of the repeats was also calculated to show the variance in
final friction coefficient values observed in the test repeats.

The specimens were ultrasonically cleaned in heptane
for 10 min before and after tribological testing to remove
supernatant oil and wear debris.

2.2 Surface Analysis

The chemical compositions of the tribofilms were studied
using Raman spectroscopy and X-ray photoelectron spec-
troscopy (XPS). Raman spectroscopic analysis of the plate
wear scars was performed with a Renishaw inVia spectrom-
eter with a 488 nm laser at 1.6 mW laser power to prevent
laser-induced oxidation of the tribofilm surface to MoOj;, as
observed by Khaemba et al. [6, 32]. Mapping of the tribofilm
surface was performed in a lattice of point spectra across the
central 500 pm of the wear scar, along the sliding direction.
To construct the maps, point spectra were taken at 50 um
intervals in both the x- and y-directions for a total of 286
spectra per map. The Raman maps cover the entire width
of the wear scars and extend 50 pum beyond the edges of the
wear scar in the y-direction. Maps are taken halfway along
the 7 mm long wear scars from an origin point defined as
the top-left corner of the wear scar. The mapping area for
the wear scars is given in Fig. 3. The spectral acquisition
conditions are given in Table 2.

Maps were constructed of the MoS, A, 408 cm™! peak
intensity and the intensity scale was set to that of the high-
est scattering intensity peaks, found for the mapping of the

Table 2 Raman acquisition parameters used in tribofilm analysis

Parameter Value

Laser wavelength 488 nm

Laser power 1.6 mW
Accumulations 1

Exposure time 20s

Frequency window 100-1600 cm™!

@ Springer
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Central Wear Scar Mapping Area

Fig.3 Raman mapping area in center of wear scar

MoDTC trimer in both the fully formulated systems and
in the monoblend systems. In addition to the out-of-plane
A, peak, MoS, has another distinct in-plane vibration at
380 cm™! of E,, symmetry. Raman maps were constructed
of the A, peak as this is the more intense of the two, making
identification of the presence of MoS, simpler.

XPS was performed at the University of Leeds versatile
X-ray source facility (VXSF) using a UHV-XPS system with
a monochromatic Specs Focus 500 XR50 Al Ka 1486.6 eV
X-ray source with a 0.85 eV line width and a hemispheri-
cal 150 mm Phoibos 150 1D DLD analyzer. Survey spectra
were taken at a 50 eV pass energy, and high-resolution spec-
tra were studied at 30 eV pass energy. The XPS-analyzed
area was an ellipse measuring 3.5 mm X 0.2 mm across the
width of the wear scar. Spectra were calibrated to the Cls
peak at 284.8 eV and fitted with a Gaussian—Lorentzian peak
model on a Shirley background. A Shirley background was
chosen over a linear background to ensure that appropriate
peak areas were included in regions where spectral inten-
sity decreases with binding energy. A Tougaard background
was also found not to be appropriate due to the number of
expected peak overlaps in the Mo 3d and S 2p regions. For
a Tougaard background to be effective, the binding energy
range needed to correctly calculate the background of the
S2p signals would infringe upon the Si 2 s (151 eV) peak
from the silicate additives in the fully formulated oils. The
result of including the Silicon peak in the background cal-
culation would lead to an inaccurate Tougaard background
for the system [33]. A Shirley background was found to be
the most appropriate, as it is able to compute a representative
background without including contaminating effects from
other element peaks than those of interest [33].

The areas of the Mo 3d doublets were fitted with an inten-
sity ratio of 3:2. Similarly, the areas of the S 2p doublets
were area constrained to a 2:1 intensity ratio. These area
constraints were imposed to account for the degeneracy of
the orbitals involved in spin—orbit coupling for the Mo 3d
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and S 2p doublets, respectively [33-35]. The % at concen-
tration of these doublets was calculated using the relative
sensitivity factor for both peaks in the doublet, rather than
using the relative sensitivity factor for a single doublet peak.
This treatment applied to both the Mo 3d and S 2p doublets,
respectively. This method was chosen to improve signal-to-
noise ratio when both doublet peaks are available, especially
in those molybdate ester tests where less surface sulfur cov-
erage was observed. The splitting for the peak doublets was
fixed at 3.13 and 1.18 eV for the Mo 3d and S 2p doublets,
respectively. The full-width-half maxima (FWHM) of Mo
3d peaks were constrained to be less than 2 eV, and the
FWHM of sulfur peaks were constrained to be less than
1.4 eV. Peak positions for Mo 3d spectra were constrained
to be +£0.3 eV as a maximum from their literature reported
values in model compounds [34, 36—38]. Sulfur peak posi-
tions were constrained within the range +0.2 eV from their
literature reported peak positions [35-38].

2.3 Nanostructure of the Tribofilms Derived
from Monoblend Oils

Cross sections of the tribofilm were cut with a FEI Helios
G4 CX gallium focused ion beam (FIB) to prepare 5 um
wide slices for transmission electron microscopy. To pre-
vent sputtering-induced amorphization of the tribofilms, the
surfaces were protected with an Iridium layer prior to FIB
milling. Areas of highest MoS, scattering intensity within
the wear scar from the Raman maps were selected to be cut
for FIB-TEM analysis.

Transmission electron microscopy (TEM) was performed
upon the FIB cross sections to view the tribofilms as a func-
tion of depth. The chemical composition of the film was
studied with energy-dispersive X-ray spectroscopy (EDX).
A Thermofisher Titan Themis® was operated at 300 kV to
acquire the TEM data. The bright-field TEM images were
collected on a Gatan OneView 16 Megapixel CMOS digital
camera. The elemental maps were collected with a STEM
probe current of 40pA using Super-X EDX system with win-
dowless 4-detector design and 0.7 srad solid angle.

3 Results
3.1 Friction Tests

Tribological tests of the monoblend and fully formulated oil
systems were performed using the contact conditions out-
lined in Table 1. Representative friction-time traces are pre-
sented below in Fig. 4. The mean coefficients of friction in
the final 10 min of a test are presented in Fig. 5. Each of the
systems containing both molybdenum and sulfur provided
lower friction coefficients than the control oils (base oil and
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Fig.4 Friction profiles of the molybdenum-sulfur additives in monoblend (a) and fully formulated oils systems (b)
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Mean Final Friction Coefficient (Final 10 minutes), p

Fig. 5 Mean final friction coefficients of the oil systems studied

molybdenum-free fully formulated oil for the monoblends
and fully formulated systems, respectively), as expected. The
molybdate ester monoblend and molybdenum-free FFO sys-
tems showed no friction reduction relative to base oil.

It can be seen from the friction traces in Fig. 4a that
the monoblends of the MoDTC dimer and MoDTC trimer
show comparable friction coefficients of u = 0.06-0.08. The
MoDTC trimer has a longer induction period to reach its
steady-state final friction coefficient than the MoDTC dimer.
The molybdate ester monoblend displays no drop in friction.
This is due to the lack of sulfur in the formulation preventing
the formation of MoS,. However, in the case of a fully for-
mulated oil system in Fig. 4b, there is a significant reduction
in friction consistent with MoS, formation. In these fully
formulated systems, ZDDP is available to the molybdate
ester as a plentiful source of sulfur, both in solution and at

the contacting surfaces. This shows how critical the inter-
actions of the molybdate ester with the rest of an additive
package are to its performance. Although there is no sulfur
in the additive structure of the molybdate ester, it is still
capable of providing low friction effectively via its additive
interactions.

The CoF values of the oil systems are presented in Fig. 5.
The mean coefficient of friction for the final 10 min of the
2 h tribological tests is presented for each oil system. The
fully formulated systems in general show improved perfor-
mance relative to the monoblends. The molybdate ester fully
formulated system consistently displays a lower CoF than
the other additive systems under the tribological conditions
studied.

3.2 Raman Mapping

To determine the distribution and overall level of MoS, cov-
erage on the surfaces, Raman spectroscopic mapping was
performed in a central region of the wear scar. The bounds
of the wear scar are given by solid pink lines superimposed
upon the map data.

The fully formulated MoDTC dimer and MoDTC
trimer oils (Fig. 6a, b) displayed patchy distributions of
the 408 cm™! A}, peak intensity, with much higher scat-
tering intensities than those found for the monoblend sys-
tems (Fig. 7). In these fully formulated systems, the areas
of highest intensity were found along the center line of the
wear scar width, closer to the center of the Hertzian contact
area where tribological conditions are likely to be their most
harsh. The molybdate ester (Fig. 6¢) showed little Raman
scattering intensity within the wear scar. To determine if this
was due to a lack of MoS, within the wear scar, or simply

@ Springer
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Fig.6 Raman spatial distribution maps of 408 cm™" intensity peaks for MoDTC dimer (a), MoDTC trimer (b), and molybdate ester (c) fully

formulated oils

due to low intensity scattering relative to the scattering at the
wear scar edges, a map was constructed in Fig. 8 of the posi-
tions in which MoS, was found for the additives, by visual
inspection of the individual mapping spectra, independent of
the scattering intensity. The presence of MoS, on the surface
was determined by the presence of visually identifiable A,
and E,, peaks of MoS, in the Raman spectra. The MoS,
surface coverage was calculated for the areas mapped as
the percentage of nodes where MoS, was confirmed to be
present.

It can be seen from the MoS, distribution maps in Fig. 8
that there is less area coverage of MoS, in the wear scar
of the molybdate ester system than the dimer and trimer
systems. The MoDTC dimer and MoDTC trimer showed
an even surface coverage across the wear scar, whereas the
molybdate ester had only a very patchy distribution in the
wear scar. This contrasts with the results of Oumabhi et al.
[31] who found that surface coverage of MoS, derived from

@ Springer

the molybdate ester of greater than 60% were required to
achieve a friction coefficient value of u=0.04.

The mean spectra of the Raman mapping areas shown in
Figs. 6 and 7 are shown below in Fig. 9. In the mean spectra
of the oil systems, there are contributions from MoS, and
iron oxides from the steel surface, no peaks for either molyb-
denum oxides of iron molybdates were found in the mapping
spectra. In addition to the A, and E,, peaks of MoS,, the
tribofilms displayed additional peaks at 456 and 555 cm™!
that can be identified as the vibration of molybdenum with
the apical sulfur in Mo;S, 5 core units and S—S bridging sul-
fur stretches, respectively. These structural features are that
found in the structure of the MoDTC trimer and amorphous
molybdenum sulfides [39—41]. These spectral features were
found in the spectra for all of the additive films where MoS,
was observed. This suggests that this feature is a common
part of the decomposition products of all the additives.

To determine if any of the oil systems showed had a
greater contribution from amorphous MoS; peaks than
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Fig.8 (Above) Distribution of
MoS, for fully formulated oil
systems: MoDTC dimer (a),
MoDTC trimer, (b) and molyb-
date ester (c). Red shows the
presence of MoS, A, and E,,
peaks and blue their absence.
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for the oil systems studied,
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figure online)
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Fig.9 Mean Raman spectra of the wear scar mapping areas for each oil system
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Fig. 10 Peak intensity ratios between MoS; peaks and Fe,0O;
291 cm™! peak derived from the mapping spectra where Mo$S, Ay,
peak intensity was greater than 200 counts
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the others, the peak ratios between the Fe,O; 291 cm™'
vibrational mode and the three identifiable MoS; peaks at
456 cm™! (M03-S ica)> 518 cm™" (S-Sieppina)s and 555 cm™
(8=S)ridging Were calculated for the mapping spectra which
contained an MoS, A, scattering intensity of 200 counts
or greater, as in Figs. 6 and 7. This 291 cm™! Fe,0, peak
was chosen as it is common in the mapping spectra and has
a sharply defined maximum unlike the 220 and 808 cm™!
peaks and like the MoS; peak region, are affected by the
MoS, fluorescence signal more closely than the other iron
oxide peaks. The peak intensity ratios are presented in
Fig. 10. In both the monoblends and the fully formulated
systems, a slight increase in the relative MoS; peak intensity
was observed for the MoDTC trimer compared to the other
two additives.

3.3 XPS

The Raman mapping showed that the tribofilms appeared
to be chemically similar, with each additive displaying the
same decomposition products on the surface. The data also
hinted that there may be more Mo:S species deposition from
the MoDTC trimer than the other additive systems through
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Fig. 11 Mo 3d (left) and S 2p (right) regions of molybdate ester (top) MoDTC trimer (center) and MoDTC dimer (bottom) monoblend oil tribo-

films

Table 3 XPS peak information for the monoblend oil tribofilms

MoDTC dimer monoblend MoDTC trimer monoblend Molybdate ester monoblend

Peak Position (eV) FWHM % Atconc  Position (e¢V) FWHM % Atconc Position (V) FWHM % At conc
Mo (VI) 572 232.81 1.53 8.19 2325 1.80 0.32 232.41 0.96 63.48
Mo (VI) 372 235.94 1.53 471 235.63 1.80 0.19 235.55 0.96 36.52
Mo (V) 5/2 229.90 1.53 3.65 230.30 1.80 1.53 N/A

Mo (V) 3/2 233.03 1.53 2.12 233.43 1.80 0.89 N/A

Mo (IV) 5/2 228.83 1.53 471 228.80 1.80 15.16 N/A

Mo (IV) 3/2 231.96 1.53 3.86 231.93 1.80 8.72 N/A

S2s sulfide 225.90 2.00 43.63 226.01 2.00 38.87 N/A

S2s persulfide 227.34 2.00 16.56 227.6 2.00 17.76 N/A

S2s sulfate 233.64 2.00 10.57 233.8 2.00 16.56 N/A

S2p sulfide (3/2) 161.91 1.29 37.30 161.84 1.40 35.07 N/A

S2p sulfide (1/2) 163.09 1.29 18.65 163.02 1.40 35.07 N/A

S2p persulfide (3/2)  163.40 1.29 14.86 163.40 1.40 15.12 N/A

S2p persulfide (1/2)  164.58 1.29 7.43 164.63 1.40 7.56 N/A

S2p sulfate (3/2) 168.78 1.29 16.76 168.80 1.40 16.48 N/A

S2p sulfate (1/2) 169.96 1.29 5.00 169.98 1.40 8.24 N/A
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Fig. 12 Mo 3d (left) and S 2p (right) regions of molybdate ester (top) MoDTC trimer (center) and MoDTC dimer (bottom) fully formulated oil
tribofilms

Table 4 XPS peak information for the fully formulated oil tribofilms

MoDTC dimer FFO MoDTC trimer FFO Molybdate ester FFO

Peak Position (V) FWHM % Atconc Position (e€V) FWHM % Atconc Position (V) FWHM % At conc
Mo (VI) 5/2 232.49 1.46 22.86 232.87 1.45 7.20 232.40 1.98 21.05
Mo (VI) 3/2 235.62 1.46 13.15 236.00 1.45 4.14 235.53 1.98 12.10
Mo (V) 5/2 230.30 1.46 7.11 230.30 1.45 0.84 230.30 1.98 2.58
Mo (V) 3/2 233.43 1.46 4.13 233.43 1.45 0.49 233.43 1.98 1.50
Mo (IV) 5/2 229.09 1.46 7.78 229.00 145 11.60 229.11 1.98 8.89
Mo (IV) 3/2 23222 1.46 448 232.13 1.45 6.68 232.24 1.98 5.12
S2s sulfide 226.16 1.81 27.30 226.07 2.00 32.10 225.90 2.00 44.55
S2s persulfide 227.10 1.81 7.47 227.20 2.00 4.39 227.10 2.00 423
S2s sulfate 233.80 1.81 5.72 233.62 2.00 32.07 N/A

S2p sulfide (3/2) 161.89 1.37 43.96 161.96 1.29 25.67 161.80 1.21 60.61
S2p sulfide (1/2) 163.07 1.37 21.98 163.14 1.29 9.11 162.98 1.21 30.30
S2p persulfide (3/2)  163.40 1.37 11.33 163.35 1.29 6.64 163.22 1.21 6.06
S2p persulfide (1/2)  164.58 1.37 5.67 164.53 1.29 3.32 164.40 1.21 3.03
S2p sulfate (3/2) 168.40 1.37 13.14 168.51 1.29 42.57 N/A

S2p sulfate (1/2) 169.58 1.37 3.92 169.69 1.29 12.79 N/A
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greater surface coverage. If this is the case, then a greater
degree of MoS, should be expected on the tribofilm sur-
faces than other species that may not have been detected by
Raman. The Mo 3d region can be used to easily distinguish
between Mo oxidation states on the tribofilm surface, and
the sulfur S 2p region can provide indication of the presence
and chemical state of surface sulfur. XPS was performed on
both the monoblend systems (Fig. 11) and the fully formu-
lated oil systems (Fig. 12). Peak quantification information
is provided in Tables 3 and 4 respectively.

Each of the three molybdenum additive systems, MoDTC
dimer, MoDTC trimer, and molybdate ester, displayed both
Mo (IV) and Mo (VI) oxidation state environments for the
fully formulated oil systems (Fig. 12) in the Mo 3d bind-
ing energy region. A small Mo (V) component was also
observed, although this was only significant in MoDTC
dimer systems and likely results from the presence of the
MoDTC dimer additive structure on the surface. This assign-
ment of oxidation states agrees with those determined by
previous XPS studies [11, 19, 34, 36, 42]. The presence of
Mo (IV) is due to the presence of MoS, and amorphous
Mo:S species. The molybdate ester monoblend [Fig. 11 (bot-
tom)] showed no Mo (IV) state corresponding to MoS, and
no surface sulfur in the S 2p region, confirming the lack of
MoS, formation in this system inferred from friction results.
However, molybdenum was still found on the steel surface
for this system in a Mo (VI) oxidation state, at a binding
energy of 232.5 eV typically associated with molybdenum
trioxide (M0Oj5). The MoDTC dimer and the MoDTC trimer
showed Mo (IV) and (VI) environments in the monoblends
(Fig. 11) but did so with different relative ratios of oxida-
tion states.

The MoDTC trimer XPS spectra found a greater propor-
tion of the Mo (IV) state on the surface (monoblend 23.88
at.%, FFO 18.28 at.%) relative to the MoDTC dimer (mono-
blend 8.57 at.%, FFO 12.26 at.%) and the molybdate ester
(monoblend 0 at.%, FFO 14.01 at.%). This suggests a greater
relative abundance of Mo (IV) species on the surface, due
either to a greater proportion of MoS, and Mo:S amorphous
Mo (IV) species in the film, or a resistance of the formed
film to oxidation.

3.4 FIB-TEM of Monoblend Tribofilms

To determine if the MoDTC trimer’s increased relative
abundance of the Mo (IV) oxidation state was the result of
a greater proportion of Mo:S species on the surface, it is of
interest to determine the structural nature and thickness of
the tribofilm on the nanoscale (Fig. 13).

Fig. 13 MoDTC Trimer tribofilm crystallinity regions with inset
FFTs of a crystalline and b amorphous regions

The MoDTC trimer monoblend (Fig. 14a) tribofilm
shows a consistent layer across the FIB section of Mo:S
species (as shown by EDX). The film is composed of a mix-
ture of amorphous and crystalline domains highlighted in
Fig. 13. Amorphous regions of Mo:S have been proposed
as intermediates in MoS, formation by Khaemba et al. and
can be seen in the tribofilms of Rai et al. [15, 43]. The MoS,
crystalline domains are oriented in the sliding direction at
the very surface but the subsurface crystalline regions have
random orientations. The film had a consistent distribu-
tion of iron particles within it (Fig. 14c). In contrast to the
structure of the MoDTC trimer film, the MoDTC dimer
tribofilm did not show a consistent layer of Mo:S species
across the FIB section and these elements were only found in
increased concentration in small patches atop iron oxide par-
ticles (Fig. 15d). This can be seen in the sulfur EDX image
(Fig. 15b) of the dimer, there is a localized increase in sulfur
concentration at the top of the iron oxide particle surface.
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Fig. 15 FIB-TEM cross section of the MoDTC dimer monoblend tribofilm (a), EDX of MoDTC dimer S (b), EDX of Fe (c), and EDX of O (d)

3.5 Durability of Formed Tribofilms

The TEM cross sections of the MoDTC dimer and MoDTC
trimer monoblends show that the film derived from the
MoDTC dimer monoblend is much thinner than that formed
from the MoDTC trimer, which displays a consistent 20 nm
thick layer across the entire steel surface.

To determine if this increase in amount of Mo:S spe-
cies observed in the MoDTC trimer TEM resulted in a more
durable tribofilm, a durability test similar to that conducted
by Morina and Neville was performed [44]. A tribofilm
was created for the MoDTC dimer and MoDTC trimer

@ Springer

monoblends under the conditions listed in Table 1 and after
thirty minutes the additive-containing oil was removed, the
oil bath was cleaned with heptane and then filled with base
oil. The components were removed and ultrasonically rinsed
in heptane for 10 min to ensure that no residual additive-con-
taining oil was present before being replaced in the tribom-
eter. Similar tests were performed for the fully formulated
systems except in these tests the replacement oil inserted
after 30 min was a Mo-free fully formulated oil.

Figure 16 shows that the MoDTC trimer took slightly
longer to reach base oil friction levels again upon oil replace-
ment by base oil than did the MoDTC dimer. Both addi-
tives had effectively returned to higher friction coefficients
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Fig. 16 Durability of the monoblend MoDTC dimer (black) and
MoDTC trimer (blue) tribofilms (Color figure online)
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Fig. 17 Durability of the fully formulated MoDTC dimer (black),
MoDTC trimer (blue), and molybdate ester (red) tribofilms (Color
figure online)

consistent with the molybdate ester monoblend after ten
minutes. This suggests additives which deposit more Mo:S
species on the surface may create more durable tribofilms.
The increase in friction coefficient above base oil values
upon film removal may indicate the formation of high-fric-
tion molybdenum oxides or molybdate on the surface. In
the fully formulated systems (Fig. 17), there was no differ-
ence in rate of friction rise between the additives, unlike the
monoblends.

3.6 Preparation of MoS; Decomposition
Intermediate Standard

The MoDTC trimer TEM image (Fig. 13), displayed a sul-
fur-rich tribofilm with amorphous and crystalline domains.
As the MoDTC trimer has excess sulfur in its structure, with
a Mo;S,; core (Fig. 1c), it is perhaps not surprising that such
a sulfur-rich film is formed upon decomposition. A series of
mixed stoichiometry amorphous molybdenum sulfides are
known of the form MoS,. These species have been found to
be effective catalysts for hydrogen evolution and have been
proposed as decomposition intermediates in the formation
of MoS, from both the MoDTC dimer and molybdate ester
[15, 31, 39]. One of the better known of these species is
molybdenum trisulfide (MoS;), which shares a proposed
structural form with the core of the MoDTC trimer. MoS; is
proposed to exist as chains of triangular Mo;S,; units joined
by bridging disulfide ligands [41, 45]. The structure of which
is shown in Fig. 18.

To determine if the amorphous species observed in the
TEM images was likely to be MoS;, a sample was created
thermally by the thermal decomposition of ammonium
tetrathiomolybdate under a nitrogen atmosphere. Ammo-
nium tetrathiomolybdate thermally decomposes in two
stages: the first at 180 °C with the release of ammonia and
hydrogen sulfide to form MoS; and a second stage at 350 °C
to form MoS, (Fig. 19) [46—-48]. Each step of this reaction
is accompanied by a change in mass, so the progress of the
reaction can be determined by following the mass loss of the
reactants. To create the MoS; sample in this study, a sample
of ammonium tetrathiomolybdate was heated under nitrogen
at 240 °C for 20 min. This was performed in a thermogravi-
metric analyser under a nitrogen atmosphere to ensure that
the reaction stopped after the production of MoS; and no
MoS, was formed. Figure 20 shows the first reaction step
corresponding to the formation of the MoS; decomposition
intermediate. Chemical analysis of the resulting black solid
was performed using Raman and XPS of the Mo 3d and S
2p regions.

@ Springer



134 Page 16 of 21 Tribology Letters (2021) 69:134
Fig. 18 MoDTC trimer R R S\\S
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Fig. 19 Thermal decomposition mechanism of ammonium tetrathio-
molybdate L 200 O
To confirm that the thermal decomposition product was T(g’ ‘E
MoS; and had not gone on to form crystalline MoS,, Raman < aé—
spectroscopy was performed under the conditions described - 100 (@
in Table 2, except in this instance, 20 accumulations were
performed to improve the signal-to-noise ratio, as amor-
phous MoS; is a poor Raman scatterer. The results are pre-
sented in Fig. 21. If crystalline MoS, was present in the sam- 15 0

ple, the scattering peaks of MoS, would drown out any of
the MoS; peaks. There is a peak observed in the 380 cm'l,
but no corresponding peaks around 408 cm™! which sits in
the valley of the MoS; spectrum. From this, it is concluded
that there is no significant amount of crystalline MoS, in the
thermally prepared MoS; sample. The MoS; sample showed
a strong scattering peak at 456 cm™' corresponding to an
apical Mo-S vibration. This is the most prominent of the
MoS; scattering peaks which would not be covered by the
MoS, peaks in a tribofilm spectrum.

To confirm the oxidation state distribution of the ther-
mally prepared MoS; sample, XPS was performed upon the
powder. In Fig. 22, the MoS; standard displayed only a Mo
(IV) oxidation state and a mixture of sulfide and persulfide
environments in the S 2p region. A small amount of sulfate-
type S environment was observed at 168 eV due to surface
oxidation. The XPS assignments of the S 2p environment
agree well with those of films of deposited Mo;S 5 clusters
found in the literature [49, 50]. The spectrum of the Mo
3d environment suggests that MoS; is a candidate for the
increased amount of Mo (IV) amorphous species displayed
by the MoDTC trimer in XPS (Fig. 11). MoS; is one of a
series of amorphous molybdenum sulfides which can have
a Mo (IV) oxidation state [51-53]. The amorphous sulfides
observed in Fig. 13 cannot be assigned the specific stoichi-
ometry of MoS;. Instead, it would be more correct to say

@ Springer

T T T
1000 1500 2000

Time (seconds)

T
500 2500

Fig.20 Thermogravimetric analysis trace of ammonium tetrathiomo-
lybdate for preparation of MoS; standard
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Fig.21 Raman spectrum of MoS; derived from the thermal decom-
position of ammonium tetrathiomolybdate
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Fig.22 Mo 3d (a) and S 2p (b) environments of MoS; prepared from ammonium tetrathiomolybdate

that the amorphous sulfides observed are likely of the MoS,
family of similarly structured compounds, of which MoS;
is the most well known.

4 Discussion

In fully formulated systems, all the additives displayed
effective friction reduction, consistent with the formation
of MoS, (Fig. 4). Raman spectroscopy confirmed MoS, for-
mation, and this species contributes to the Mo (IV) peaks
observed by XPS. In addition to MoS,, amorphous molyb-
denum sulfides were formed on the surface, along with some
Mo (VI) species.

In fully formulated oil systems, the tribofilms all had sim-
ilar XPS spectra in the Mo 3d region also, showing a range
of Mo (IV) and Mo (VI) oxidation states. In both the fully
formulated and monoblend systems, the tribofilms derived
from the MoDTC trimer showed an increased proportion
of Mo (IV) to Mo (VI), when compared to the Mo(IV) to
Mo(V]) ratio of the other additives. The presence of Mo (VI)
in the tribofilm means that the tribofilm must undergo oxida-
tion into an oxygenated molybdenum (VI) species. Although
no peaks associated with these species are present in the
Raman spectra of these compounds, this does not preclude
the formation of amorphous molybdenum oxides. Such
oxides would not be easily detectable with Raman spec-
troscopy [54, 55]. Alternatively, the Mo (VI) environment
may be due to the oxidation of the top few atomic layers of
the tribofilm post-test and is seen in XPS as this technique
is more surface sensitive than Raman spectroscopy. In this
case, oxygenated molybdenum species would not necessarily
be decomposition products of the additives, but rather the

result of the oxidation of the surface film when exposed to
air post-test.

Despite differences in additive structure, the formulations
lead to similar surface chemistry. The chemically similar
natures of the films suggest that the additives form a com-
mon decomposition intermediate on the contact surface. It
has been proposed that MoS, can be formed on the sur-
face from amorphous MoS; [19, 31]. An amorphous Mo:S
film can be seen from the monoblend MoDTC trimer TEM
cross section (Fig. 13). MoS; also thermally decomposes
to form Mo$S, [46]. MoS; is composed of (S*7) and (S,%")
ligands bonded to a Mo center and has the same Mo 3d
binding energy as MoS, [56-58]. The formation of this
amorphous species may also explain the increased levels
of Mo (IV) observed by XPS for the MoDTC trimer tribo-
films, relative to the other additives. In addition, the dimer
and trimer monoblend tribofilms, and the fully formulated
oil tribofilms for all three additives display the Mo-S ,yica)
(456 cm™!) vibration in their Raman spectra which forms
part of the MoS; extended structures of Mo;S,; unit poly-
mers. The monoblend tribofilms also show the (S-Syigeine)
vibration at 555 cm™'. These vibrations are also observed in
the Raman spectrum of thermally prepared MoS; (Fig. 21).
The MoDTC trimer may be more easily able to form MoS;
than the MoDTC dimer or molybdate ester as it is more
sulfur rich than the other additives and less structural rear-
rangement is needed to form MoS; from the MoDTC trimer.
The MoDTC trimer already contains bridging sulfurs which
can connect with other trimer centers in order to create a
longer co-ordination polymer of MoS;. The polymerization
of Mo;S,; units can occur upon loss of one of the dithiocar-
bamate ligands of the MoDTC trimer [59].
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The increased levels of amorphous sulfides produced by
the MoDTC trimer can be seen in the monoblend FIB cross
sections (Figs. 13 and 14). The MoDTC trimer produces a
thicker, more consistent film than the MoDTC dimer. Com-
putational modeling of the films expected from the two
additives has been reported in the literature wherein thicker,
amorphous films of pseudo-MoS, nanoparticles derived
from the MoDTC trimer are expected, in contrast to thin-
ner two-dimensional MoS, films from the MoDTC dimer
[23]. Formation of such species may explain the increased
film thickness observed for the MoDTC trimer structure as
amorphous pseudo-MoS, species are formed from this addi-
tive as opposed to thinner, two-dimensional MoDTC dimer
packing structures [23].

Wear processes in the tribological tests are likely to cre-
ate differences in the localized contact conditions on the
asperity scale that may lead to alterations in the tribofilms
formed. In order to reduce these variations caused by wear,
the tribological tests were run for 2 h in order to have confi-
dence in moving past the “running in” period of wear. The
localized contact conditions, however, would not inherently
change the chemical reactions occurring in the contact but
may affect the rate at which they occur due to local flash
temperature fluctuations. On the macroscale, the contact
conditions are averaged out such that the mean contact
experienced that would affect MoS, distributions are those
presented in Table 1.

Raman mapping showed a patchy distribution of intensi-
ties for the MoDTC dimer and MoDTC trimer in both mono-
blend and fully formulated systems. This is in agreement
with previous mapping intensity studies [43, 60]. Previous
studies have suggested that the friction performance of an
additive system is closely correlated with the level of MoS,
coverage on the surface. This was not found to be the case
for the molybdate ester fully formulated system [31, 60].
Figure 6 shows the molybdate ester FFO had very little sur-
face coverage under the conditions studied but displayed the
lowest friction coefficient.

The low-friction coefficient of the low coverage Molyb-
date Ester FFO additive and higher friction of the high
coverage, thicker layer deposition of the MoDTC dimer
monoblend tribofilms, therefore, appears to show that fric-
tion coefficient is unrelated to the total amount of Mo:S
compound deposited on the surface. Only minimal MoS,
is required for low friction. Mere deposition of molybde-
num-sulfur species on the surface is insufficient for optimal
friction reduction. The species deposited must also be suf-
ficiently crystalline. It is possible that the molybdate ester
achieves this friction performance through the production
of longer, more crystalline MoS, chains, as observed by De
Barros Bouchet et al. [19].

Computational modeling studies of molybdenum addi-
tive adsorption chemistry have shown that the presence of

@ Springer

oxygen in the additive structure can improve the adsorption
of the additive on iron, facilitating the molecular orientation
required for MoS, formation [61, 62]. The lack of oxygen in
the sulfur-rich MoDTC trimer may encourage the formation
of amorphous molybdenum sulfides, whereas the oxygen-
ated MoDTC dimer and molybdate ester are likely to bind
more favorably to the iron surface in order to decompose into
well-oriented, crystalline MoS, sheets.

The thicker deposition of Mo:S species by the MoDTC
trimer allowed for tribological formation of MoS, upon
removal of the additive supply in Fig. 16. This provided a
more durable level of friction reduction than the equivalent
MoDTC dimer monoblend oil. This behavior is likely due
to formation of crystalline MoS, from the amorphous Mo:S
thick film, as proposed by Khaemba et al. [15] and Oumabhi
etal. [31].

All of the fully formulated oils displayed little friction
durability in Fig. 17 as the FFO MoS, films are formed on
top of the protective ZDDP layer and are likely to be thinner
than the monoblend films [19, 43].

5 Conclusions

Three molybdenum friction modifier additives (MoDTC
dimer, MoDTC trimer, and Molybdate ester) were subjected
to tribological testing as both monoblends in base oil, and
as fully formulated oil systems. The tribofilms derived from
these oil systems were characterized by Raman, XPS, and
FIB-TEM in order to determine if the choice of additive
structure affected the characteristics of the MoS, tribofilms
formed under identical tribological conditions.

The tribofilms formed from all of the additives were
chemically similar, displaying a mixture of Mo (IV) MoS,
and Mo (VI) species. The MoDTC trimer displayed a slight
preference for the Mo (IV) oxidation state compared to
the MoDTC dimer and the molybdate ester. This is due to
greater formation of the MoS; decomposition intermediate
for the MoDTC trimer observed by TEM.

Under identical tribological conditions, the MoDTC
trimer monoblend produces a consistent Mo:S layer across
the surface while the MoDTC dimer monoblend produced a
much thinner film that appeared patchy and was only formed
on iron oxide asperities. The MoDTC trimer produced a
thicker Mo:S film because of its structural similarity to the
amorphous MoS; decomposition intermediate. The thicker
film formed from the MoDTC trimer monoblend led to
longer friction reduction durability of this additive relative
to that of the MoDTC dimer as amorphous molybdenum
sulfides already deposited on the surface can form MoS, for
a short time after the additive supply is removed. This sug-
gests that film thickness may be the primary determinant of
low-friction durability.
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It is clear from the analysis of the films that despite there
being little chemical difference observable by Raman and
XPS between the films formed from the additives, there are
notable differences in film thickness, Mo oxidation state
distribution, and surface coverage. The surface coverage
of MoS, is not the primary determinant of friction coef-
ficient. This is shown by contrast of the MoDTC dimer and
molybdate ester FFOs. The MoDTC trimer displays high
MoS, surface coverage but does not provide a friction coef-
ficient as low as the MoS, derived from the molybdate ester
at much lower levels of MoS, surface coverage.

The design of the molecular additives and their interac-
tions with other additives in the formulation have an observ-
able effect on the characteristics of the MoS, films formed
under identical film formation conditions.
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