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Abstract
Molybdenum Dithiocarbamate (MoDTC) is an excellent friction modifier used in oil formulations for internal combustion

energies. In the search of minimising transition metals contents in lubricating oils, extensive work has been carried out in

benchtop tribometers to produce optimised formulations. However, tribometers present major limitations mimicking the

extreme environment present within the engine cylinders and assessing the effect of this environment on the tribochem-

istry of this additive. This work presents a combined analysis using single-cylinder engine tests and surface analysis tech-

niques: Raman and XPS. Raman microscopy maps the distribution of MoS2 and XPS identifies all the molybdenum species

formed by tribochemistry. This approach enabled assessment of the effect of the combustion on MoDTC by comparing

the results of experiments executed under fired and motored conditions. Areas where the MoS2 solid lubricant and other

molybdenum species formed were identified on the liner and linked to the corresponding friction force attained during

the engine test cycle. As expected, the effective MoS2 formation on returning points on the liner delivered efficient fric-

tion reduction. Noticeable differences in the tribochemistry of MoDTC and distribution of molybdenum species were

found between fired and non-fired tests. In motored tests, MoS2 was generated in both returning points, whereas in

fired tests MoS2 was generated only at the bottom, with oxidised molybdenum species present close to the top dead

centre. Tribochemistry mechanisms under fired conditions are proposed. Understanding these mechanisms constitutes

an invaluable tool to transfer the results obtained with bench tribometers to real engine operating conditions.
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Introduction

In a context of limited energy resources and global
warming it is paramount to find ways to reduce carbon
dioxide emissions worldwide. Transportation currently
accounts for 26% of the global energy demand, and
internal combustion engines (ICEs) still play a critical
role in the sector, with around 65 million of ICE passenger
cars sold in 2022.1 Despite the strong irruption of electric
vehicles, and a forecast depicting a continuous sales
decline in ICE cars, transition to a fully electric fleet
will not take place within the timeframe required to take
effective actions towards decarbonation.2 In this scenario,
actions aiming to reduce the reduction of fuel consump-
tion and its associated carbon emissions will contribute
to achieve the targets imposed by governments and supra-
national organisations.

Around 11.5% of the energy in a passenger car is used
to overcome friction within the engine.3 Reducing the
friction within the engine has a direct effect on fuel

economy, as not only the available energy is reduced,
but also the energy that otherwise would be spent
through the intrinsic thermal losses of the combustion
cycle.

Frictional forces between the piston assembly and the
cylinder in ICEs account for half of the engine friction
energy losses. The complexity of the piston/cylinder
system is manifested by all lubrication regimes (i.e.,
boundary, mixed, elastohydrodynamic…) co-existing at
the piston ring/cylinder contact along each stroke.4 At
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the reversal points (TDC and BDC), the boundary and
mixed lubrication regimes dominate the contact while at
the mid stroke, the hydrodynamic regime exists because
of the high speed of the piston. It is worthwhile highlight-
ing that at the reversal points, the film thickness is not zero
due to the squeeze effect, but researchers have proved
both numerically and experimentally that boundary fric-
tion peaks are produced on the proximity of the dead
centres.5,6 It is also well known that the power losses in
this system mainly occur in the hydrodynamic regime
(fluid shear losses), encouraging the use of reduced vis-
cosity oils7,8 to minimise overall friction energy losses.
However, additional challenges arise from this measure.
In particular, the range where boundary and mixed lubri-
cation regime occur along the stroke is expanded, activat-
ing larger areas of asperity to asperity contact for longer,
which would return higher friction and localised acceler-
ated wear about the piston returning areas.9

A potential solution to alleviate localised boundary
friction effect while keeping low viscosity oils for
overall low friction performance is including in the oil for-
mulations friction modifiers (FM). Amongst the most
popular FM for ICE applications molybdenum dithiocar-
bamate (MoDTC) stands out as a highly efficient additive.
The combination of MoDTC with low viscosity oils has
already demonstrated a good performance in ICEs.10,11

Numerous studies depict the function of this additive by
tribochemistry action.12–19 Using benchtop tribometers
and model lubricants, Khaemba et al. proposed a tribo-
chemistry mechanism, consisting of physical shear stress
activating MoDTC decomposition to generate amorphous
molybdenum oxysulphide species. Later, under the pres-
ence of ferrous surfaces, sufficient mechanical stress and
with the condition that a thermal threshold is overcome,
these oxysulphides species will reduce to a fully crystalline
MoS2, awell-known solid lubricant thatwill reducemacro-
scopic friction by physical exfoliation of MoS2 platelets in
the nanoscale. This reaction pathway has clearly been iden-
tified under ideal testing conditions.17 Similar findings in
terms of the composition of the tribofilm were found by
Al Kharboutly et al., confirming this reaction pathway
using alternative characterisation techniques.20 This tribo-
chemistry reaction pathway also applies to trimmer organic
molybdenum additives and even non-sulphur-containing
organic molybdenum species can effectively develop a
low friction tribofilm provided a suitable source of
sulphur is added to the model oil, as proven by different
research groups.21–23

When fully formulated motor oils are used instead of
model lubricants, challenges arise in terms of the interac-
tions promoting or restraining MoDTC effectiveness. The
general consensus in the scientific community is that some
sulphur-containing additives, such as the antiwear and anti-
oxidant compound Zinc Dialkyl DithioPhosphate (ZDDP),
play a synergistic effect with organic molybdenum com-
pounds.24–26 The interactions with other common additives,
such as detergents, is less understood, but evidence shows
that antagonistic effects prevent an effective MoS2 forma-
tion.27,28 Nevertheless, the presence of ZDDP seems to

overcome such antagonistic effects, explaining why fully
formulated motor oils exhibit friction reduction capabilities
when MoDTC is blended, provided that boundary lubrica-
tion, adequate temperature and contact pressures are
present in the tribological system.29 Another key factor
affecting MoDTC tribochemistry is the composition of the
surfaces, which is especially relevant in engine where differ-
ent materials and specialised coatings are used.30–36

Using appropriate surface mapping tools such as
Raman microscopy, X-Ray Photoelectron Spectroscopy
(XPS) and electron microscopy techniques, the MoS2 dis-
tribution across and deep into the contact surface has pro-
vided valuable knowledge about how formation and
distribution of MoS2 can be linked to friction performance
under ideal conditions,29,37,38 and to some extent,
explained how distribution and location of these MoS2
deposits deliver friction reduction in piston-cylinder and
engine systems.39,40

However, the low friction tribofilm formation mechan-
isms in the piston cylinder system within the engine, and
the effect of the combustion on the MoDTC tribochemis-
try and its friction performance in a real scenario, are not
fully understood. This motivates the use of single cylinder
engine tests with in-situ friction measurement capabilities
in combination with analytical techniques to facilitate a
robust framework and enable the development of high-
efficiency low viscosity oils.

Methods and materials

Engines

Floating liner
The cornerstone of this work is the use of a device with
capabilities to provide instantaneous friction measure-
ments between the piston and the cylinder as reciprocal
piston movement occurs in this engine system. For this
purpose, a 0.5 l AVL FRISC (FRIction Single Cylinder)
floating liner concept, designed by AVL GmbH, was
employed. The engine consists of a single cylinder sup-
ported by a series of sensors located between the cylinder
and the crankcase, such the cylinder assembly “floats”
over a fixed reference frame, as shown in Figure 1. The
0.5 litre displacement is given by a stroke of 92.4 mm
and a diameter of 83 mm.

These series of four three-dimensional sensors acquire
force information in the axial, lateral and longitudinal
directions. The 12 different signals are processed to
account for vibrations and crosstalk sensitivity to
provide a well calibrated reliable friction force in the
cylinder longitudinal direction (Fz). The acquired data is
coupled with high accuracy measurements of the crank-
shaft angle (CA). Other key parameters were recorded,
such as piston speed, water and oil temperature, pressure,
etc. Further details on this rig operation can be found in.41

Experiments using this equipment were carried out in
motored mode, i.e., a torque was applied on the crankshaft
to maintain a certain speed, and in fired mode, where the
engine was functioning by igniting a gasoline/air mixture
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as in real working conditions. In both modes, a tempera-
ture of 90 °C was set for both the oil and the cooling water
circuit in the engine. Ring packs consisted of a chromium-
nitride coated 1st compression ring, a PVD-phosphate
coated 2nd ring and an oil distribution ring also coated
with chromium-nitride. Cylinder liners were made of
EN-GJL-250 grey cast iron. After the installation, the
system was cleaned with an oil containing detergents,
and flushed twice. Once the cleaning procedure was com-
plete, the system was run using the appropriate testing oil
(with no friction modifier) for at least 15 h to allow appro-
priate running-in achieve a stabilised friction value, before
using the selected oil under working conditions.
Stabilisation of the engine is key to achieve reliable and
constant frictional values, which occurs once asperities
on the skirt and cylinder surfaces are partially polished.42

Single cylinder engine
In addition to the floating liner, motored single cylinder
engine testswere done to produce liner samples for tribofilm
analysis. The rig used in this workwas a 0.5 l Hydra engine,
manufactured by Ricardo UK Ltd (Figure 2). This single
cylinder engine is based on the GM 2.0-litre Cavalier
model. All auxiliary systems are independently controlled.
Both oil and water temperatures were set at 90°C. The
stroke in this case is 86 mm, with a cylinder bore of 86
mm. Full specifications can be found elsewhere.43

In this work, all tests using the Hydra engine were
carried in motored mode. Using a dynamometer, the
crankshaft was rotated at the set speed. For each lubricant
tested, a new set of liners and piston rings were installed.
The piston rings were made of ferrous alloys coated with
phosphate (1st and 2nd rings) and chrome (oil-distribution
ring). The liners were manufactured using ASTM A48
grade 30 cast iron. The engine was cleaned and flushed
for at least 30 h to enable running-in of the surfaces
using the oil free from MoDTC. Finally, tests were
carried out under selected conditions using the oil to be
analysed.

Oils and experiments

Oils
Two low viscosity oils were used in this study. Both are
based on a group III basestock and an additive package

containing detergents, dispersants, antioxidants and anti-
wear additives. Oil 1: FF-2.1HTHS presents a polymeric
viscosity modifier, whereas Oil 2: FF-1.7HTHS lacks
this additive, presenting slightly lower viscosity under
high speed and shear conditions. Further details are pre-
sented in Table 1.

An organic Molybdenum Dithiocarbamate Friction
Modifier additive is blended onto these oils at different
percentages (0.1 to 1 wt%), representing an overall Mo
concentration of 100 to 1000 ppm.

Experiments
Oil 1 group was used in the floating liner system in both
motored and fired modes, three concentrations of MoDTC
were used (null, 0.5 wt% and 1 wt%). The main purpose
of this set of experiments is to assess the influence of
the combustion process on the friction reduction capabil-
ity of the MoDTC additive. The effect of additive concen-
tration was also considered. It is important to note that in
this set of experiments the same liner was used for each oil
under motored and fired conditions (run consecutively
after stabilisation). No surface analysis techniques were
carried out on this set, as it was unpractical to dismantle,
analyse and assemble the liner between experiments (i.e.,
switching from motored to fired conditions with the same
liner).

Oil 2 group was employed in two sets of experiments.
On the one hand, a series of trials were run using the hydra
engine in motored mode, to produce low friction tribo-
films under a controlled set of conditions. On the other
hand, AVL FRISC experiments were run using this oil
group with a different concentration (ramping up from
0.1% to 0.3% then to 0.5% and finally to 0.7%) to
extract frictional details and assess performance under dif-
ferent compositions, the engine was run for at least one
hour with every change in oil concentration to ensure tri-
bochemistry equilibrium with new MoDTC concentration
is achieved. Both Hydra and AVL FRISC liners tested
with Oil 2 group, were extracted for analysis in order to
resolve the presence and distribution of low friction tribo-
film and link the composition and distribution of the gen-
erated tribofilms to the friction performance under
different engine conditions.

Specific conditions for both oils are reflected in
Table 2. The engine speed in all experiments with
AVL-FRISC was 1200 rpm, in Hydra a speed of 1300
rpm was used, as 1200 rpm caused undesirable vibrations.
The configuration and dimensions between the
AVL-FRISC and the Hydra engine are also slightly differ-
ence. This could represent local differences in the quantity
and distribution of the species formed by tribochemistry.
However, a qualitative comparison is thought to be valid,
as temperatures and stresses are sufficiently high, and
lubrication regime will be similar about the returning
points, promoting efficient MoS2 generation through tri-
bochemistry. All fired tests in this work were carried out
at an IMEP 6.5 bar. This entailed a Peak Combustion
Pressure of 4 MPa at 14° CA.

Figure 1. AVL FRISC floating liner concept. Adapted from.41
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After the tests, liners were dry cut in stripes at key azi-
muthal positions and cleaned with compressed air to
remove excess oil and cutting debris. Samples were
slightly rinsed with heptane prior to surface analysis to
minimise fluorescence and other negative effects.

Analysis

Frictional data
As described above, the AVL FRISC single cylinder rig
enables high-speed acquisition and coupling with crank-
shaft angle. For all the experiments, friction force data
(calibrated Fz after processing data from all sensors in
all directions) was obtained every 0.2° CA. Raw data
was averaged by taking mean values of 500 consecutive
engine cycles to discard any singularity due to the
engine cycle. These data processing was applied for
both the additivated oil and the oil with no MoDTC.

Once comparative data at every 0.2° CA was obtained
for both oils, the friction reduction (FR) attributed to the
addition of MoDTC, at every CA was calculated using
the following expression:

FR(%) = FRef Oil

FTest Oil
− 1

[ ]
× 100

where FRef Oil is the friction obtained with the Oil with
no MoDTC and FTest Oil is the one obtained with Oil
containing MoDTC run under the same conditions.
Using this equation, if a positive FR value is obtained,
a reduction in friction is achieved (i.e., FTest Oil < FRef

Oil). On the other hand, friction increases with the addi-
tive if the value is negative, FTest Oil > FRef Oil. Friction
Reduction curves were smoothed for clarity purposes.

Friction Mean Effective Pressure FMEP, is calculated
by multiplying the friction force times the piston speed
data at each point, multiplied by the time between two
consecutive points and divided by the displacement
volume. This quantity indicates the friction energy
losses (in Joules) per volume displaced (in m3), and it is
measured in Pa.

Raman characterisation
To assess the amount and distribution of molybdenum
compounds, Raman Microscopy was used. The device
for this study was an InVia Raman Microscope
(Renishaw Plc) equipped with 488 nm laser excitation
source combined with a 2400 lines/mm grating and a
refrigerated CCD detector to deliver a spectral resolution
of 1 cm−1. The spectrometer was coupled to a confocal
Leica microscope mounting a 50x objective (numerical
aperture of 0.5). A motored stage delivered a lateral reso-
lution of 1 µm enabling accurate surface species maps.

The key application of Raman in this study is retrieving
maps depicting the MoS2 distribution on the surface. For

Figure 2. Picture of the single cylinder Hydra engine (left) and schematics describing the system components (right).

Table 1. Composition and fundamental physical characteristics

of fully formulated oils.

Oil 1 Oil 2

FF-2.1HTHS FF-1.7HTHS

Polymeric Viscosity modifier

(wt, %)

4 -

Base oil, group III (wt, %) 82 86

Kinematic viscosity of the base oil

at 100°C (cSt)

4 3

HTHS at 150°C (cP) 2.1 1.7

Pressure-Viscosity Coefficient,

GPa−1
9.7 9.7

Dynamic viscosity at 90°C

(ηo, Pa s)
5.76·10−3 4.15·10−3

Dynamic viscosity at 100°C

(ηo, Pa s)
4.76·10−3 3.42·10−3
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this purpose, several 40× 30 µm (Figure 3(b)) areas were
selected along the longitudinal axis, covering the top
dead centre, bottom dead centre and mid-stroke areas (as
shown in Figure 3(a)). For each of these maps a grid com-
prising points spaced 1.5 µm inbothXandYdirectionswas
programmed using Renishaw WiRE software. This
spacing was slightly larger than that of the laser spot size.
Raman analysis was performed on each point, by irradiat-
ing the sample with the laser, filtered down to 1 mW for
8 s. Each spectrum was processed by eliminating cosmic
ray outliers and correcting the fluorescent background.
Then, the maximum Raman intensity (i.e., counts) around
the MoS2 A1g vibration mode peak (410 cm−1) was
recorded. Raman maps are displayed using a colour code
depending on the number of counts. A threshold count
of 50 was established to determine the existence of MoS2
on a particular spot, any Raman intensity at 410 cm−1

under this value will display no colour on the MoS2
Raman maps.

X-Ray photoelectron spectroscopy
In order to resolve molybdenum compounds formed on
the cylinder tribofilm under fired conditions, X-Ray
Photoelectron Spectroscopy (XPS) was used. XPS ana-
lysis was performed with a Thermo NEXSA spectrometer
(Thermo Electron, USA). The X-ray excitation was the
Al-Kα line at 1486.7 eV and a spot size of 400 µm was
selected. The detection of the photoelectrons was perpen-
dicular to the surface and high-resolution spectra of the
C1 s, O1 s, P2p, S2p, Zn2p, Ca2p, Mo3d, N1 s and
Fe2p core levels were obtained to resolve the tribofilm
composition. The S2p spectra were fitted to obtain the sul-
phide/sulphate ratio and relative binding energy positions.
The S2p results were then used to fit the S2 s spectra
(which are superposed to Mo3d spectra) to accurately
resolve the Mo chemical environment.

Results and discussion

The effect of the combustion on friction
performance
Figure 4(a) shows the frictional behaviour of Oil 1 group
containing two different MoDTC concentrations. As

expected, for every lubricant, friction forces remain
lowest at mid-stroke areas, showing a sharp rise when
approaching returning points (either the TDC or the
BDC). This sharp rise is found in previous floating liner
systems, and it is attributed to the transition from the
elastohydrodynamic to the mixed/boundary lubrication
regimes.41,44–46 As expected, at returning points
(CA=−360°, −180°, 0°, 180° and 360°) the friction
force is close to zero due to the change of velocity and
force directions. Another important fact observed in
Figure 4(a) is the clear friction reduction achieved when
MoDTC is blended to Oil 1 around TDC and BDC areas.

Looking at the friction reduction values (Figure 4(b) to
(e)), FR between 90% to 240% is achieved at both TDC
and BDC areas. No clear differences could be observed
between 0.5% and 1%MoDTC concentrations, suggesting
an effective boundary friction reduction on both occasions.
At the mid-stroke area, there is a positive FR of about 30%
in ascending strokes (compression and exhaust at
Figure 4(c) and (e)) and a negative FR of about −20% in
descending strokes (intake and expansion at Figure 4(b)
and (d)). This is interesting as at mid-stroke, little or no
FR values are expected as the oils tested have the same
rheological properties. These differences can be attributed
to assembly differences and components geometry differ-
ences, which could potentially cause asperity contact
even atmid-stroke.45 In any case, significant friction reduc-
tion in the vicinity of the returning points is evident.

As for the frictional behaviour in fired conditions,
similar friction shape profiles are found with respect to
the ones obtained with motored tests, i.e., low friction
plateau mid-stroke and sharp friction increase around
returning points (Figure 5(a)). One aspect to consider is
that a friction spike is registered at 5 to 30° CA, represent-
ing a sharp decrease leading to close to zero or negative
friction force values followed by a sharp increase. This
feature is also reported in other works using similar float-
ing liner test configurations.45,47,48 It is attributed to a
stick-slip effect due to the combination of a downward
motion of the piston with a downward motion of the
liner attributed to a sudden expansion of the seal follow-
ing the combustion produced in the chamber at the begin-
ning of the expansion stroke.41 Under the same engine
load and speed, this spike is produced in the same

Table 2. Summary of experiments indicating oils and selected working conditions.

Engine Mode Liner Lubricant Speed (rpm) IMEP (bar)

AVL-FRISC Motored AA-1 Oil 1 1200 -

AA-2 Oil 1+ 0.5 wt% MoDTC

AA-3 Oil 1+ 1 wt% MoDTC

Fired AA-1 Oil 1 1200 6.5

AA-2 Oil 1+ 0.5 wt% MoDTC

AA-3 Oil 1+ 1 wt% MoDTC

Hydra Motored H-1 Oil 2+ 0.3 wt% MoDTC 1300 -

H-2 Oil 2+ 0.5 wt% MoDTC

H-3 Oil 2+ 0.7 wt% MoDTC

AVL-FRISC Fired AB-1 Oil 2→+0.1→+0.3 →+0.5→+0.7 wt% MoDTC 1200 6.5

AB-2 Oil 2→+0.5 wt% MoDTC

Alenezi et al. 5



Figure 3. a) Half liner cut for analysis showing key areas for analysis of the single cylinder. b) area grids used for Raman mapping.

Figure 4. Friction analysis of Oil 1 (HTHS 2.1). Motored Tests. 1200 rpm. a) Friction force as a function of the crankshaft angle for

Reference Oil 1, Oil 1+ 0.5% MoDTC and Oil1+ 1% MoDTC. b) to e) Friction reduction as a function of the crankshaft angle achieved

by Oil+ 0.5% MoDTC and Oil+ 1% MoDTC during the Intake, Compression, Expansion and Exhaust strokes.
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crankshaft angle point, leading to usable FR data in this
area. Another key observation is that, as a contrast to
motored tests, large friction force differences are only
observed at BDC areas, and not around TDC ones.

Looking into the FR values, Figure 5(b) to (e), confirm a
friction reduction of up to 150% in BDC, whereas no sig-
nificant FR was achieved in TDC, especially when com-
pared to FR values calculated at mid-stroke. Similarly to
motored tests, there is a tendency to have negative FR
values, i.e., friction increase at mid-stroke in descending
strokes (Figure 5(b) and (d)) and corresponding positive
FR values mid-stroke in ascending ones (Figure 5(c) and
(e)) which again is attributed to potential differences in
liners, assemblies and ambient conditions. As with
motored tests, there are no outstanding differences
between Oil 1+ 0.5% and Oil 1+ 1%, signifying that at
both concentrations, the MoDTC demonstrates the same
level of effectiveness at the BDC areas and lack of effect-
iveness at the TDC/mid-stroke ones.

The effect of MoDTC concentration and viscosity on
friction performance
Figure 6(a) illustrates the frictional behaviour of Oil 2
containing a range of MoDTC concentrations (0.1, 0.3,

0.5 and 0.7%), showing the usual plateau at mid-stroke
combined with sharp friction force peaks close to return-
ing points. When comparing these results to those of Oil 1
(Figure 5(a)), small frictional force differences are found.
In general, slightly higher friction forces are found in all
returning points, whereas mid-stroke values are similar.
This suggest that the viscosity change from 2.1 to 1.7
leads to slightly harsher contact at the returning points,
without a considerable gain in terms of hydrodynamic
friction losses in the mid-stroke area. With regards to
the effect of MoDTC concentration, values of 0.3% or
above show similar behaviour, whereas 0.1% MoDTC
oil matches the trend of the reference oil.

Investigating the FR along the engine cycle, consider-
able FR is achieved in every stroke around the BDC for
concentrations above 0.1%, whereas 0.1% virtually
shows no FR. The results of this test confirm that in a
real engine tribological system there is a threshold of
MoDTC concentration above which there will a signifi-
cant tribological advantage, but below this threshold no
effect can be observed. This agrees with previous obser-
vations on benchtop tribometer studies whereby a
working/non-working condition is achieved at a certain
MoDTC concentration and increasing it further has little
impact on the friction value.13,29 The main gains of an

Figure 5. Friction analysis of Oil 1 (HTHS 2.1). Fired Tests. 1200 rpm. IMEP 6.5 bar a) Friction force as a function of the crankshaft

angle for Reference Oil 1, Oil 1+ 0.5% MoDTC and Oil1+ 1% MoDTC. b) to e) Friction reduction as a function of the crankshaft angle

achieved by Oil+ 0.5% MoDTC and Oil+ 1% MoDTC during the Intake, Compression, Expansion and Exhaust strokes.

Alenezi et al. 7



increased concentration of MoDTC over a certain thresh-
old value are the expanded range of conditions where the
formulation will deem effective and the durability of the
FM formulation.13,14

Noteworthily, no statistically meaningful positive FR
values are obtained in the mid-stroke area for any of the
lubricants (Figure 6(b) to (e)). This confirms that the use
of the same conditioned liner under equal ambient condi-
tions will produce accurate data. Another interesting fact
is that, during the piston ascending strokes (Figure 6(c)
and (e)), FR is also produced in the mid-stroke area, sug-
gesting that some degree of asperity-to-asperity contact is
produced. Differences in the nature of the mid-stroke
contact between ascending (Figure 6(c) and (e)) and des-
cending (Figure 6(b) and (d)) strokes can be attributed to
secondary motion of the piston.40

MoS2 distribution on liners
Figure 7 illustrates how MoS2 is distributed on the liner
surface after a motored test is carried out under moderate
speed (1300 rpm). In general, MoS2 is formed at both
returning points, with more presence around the BDC.
The presence of MoS2 at the topmost part of the TDC is
limited. This could be related to thermal effects (high

temperature is achieved during the end of the compression
cycle even in motored tests), or harsh and short time
contact between the 1st compression ring and the liner.
Similar findings have been found in full engine motored
tests where MoS2 was found several mm below the
TDC, at the area where the oil distribution ring would
change direction.39 MoS2 is also observed to some
extent in the mid-stroke area, where local
asperity-to-asperity contact may produce MoS2. Another
possibility is that MoS2 is dragged from the BDC area
by the action of the reciprocating movement of the
piston. Following expectations, a slightly wider depos-
ition of MoS2 was produced as the MoDTC concentration
increases in the formulation.

Analysis on fired tests using similar oils depicts a dif-
ferent scenario. As seen in Figure 8, MoS2 is formed at the
BDC area, whereas no MoS2 is present at mid-stroke and
very little MoS2 is formed in the vicinity of the TDC.
These key differences in terms of MoS2 distribution cor-
relate well with the frictional behaviour, and more specif-
ically, with the friction reduction achieved as a function of
the crankshaft angle, whereby in motored tests, friction
reduction is achieved in both returning points (MoS2 is
present around both returning points), but in fired tests,
friction reduction is only achieved when the piston

Figure 6. Friction analysis of Oil 2 (HTHS 1.7). Fired Tests. 1200 rpm. IMEP 6.5 bar a) Friction force as a function of the crankshaft

angle for Reference Oil 2, Oil 2+ 0.1 to 0.7% MoDTC. b) to e) Friction reduction as a function of the crankshaft angle achieved by

Oil 2+ 0.1% to 0.7% MoDTC during the Intake, Compression, Expansion and Exhaust strokes.
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approaches the BDC area (MoS2 is substantially present
only in BDC area).

What is common in both configurations is that the
larger the concentration of MoDTC in the oil, the larger
the amount of MoS2 on the surface. This larger distribu-
tion of MoS2 with MoDTC concentration does not neces-
sarily translate to a further friction reduction. An
explanation can be found in the work carried out by Xu
et al.,37 where authors determined from tribological
bench tests that once a certain MoS2 coverage value is
attained no further reduction is achieved in the system.

Raman analysis helps us understand how MoS2 is
formed on the liner, and what the role of combustion is,
but uncertainty remains about the mechanisms that

hinder the effective formation of an MoS2 containing tri-
bofilm at the TDC area. To discern the molybdenum
species formed along the liner and resolve the tribochem-
istry mechanisms of MoDTC, XPS analysis of AVL
FRISC fired engine test at 1200 rpm and 6.5 bar IMEP
using the Oil 2+ 0.7% MoDTC is shown in Figure 9.
Peak deconvolution shows the presence of Mo (IV)
species corresponding to reduced MoS2 in the BDC area
of the liner.

The quantification analysis shown in Figure 10, depicts
a larger presence of molybdenum species in the BDC area
than in the TDC area. MoS2 is only found in the BDC area
(with larger presence further away from the combustion
chamber), confirming the results obtained by Raman

Figure 7. MoS2 Raman map distribution at selected positions along the stroke after hydra engine motored tests using Oil 2 (HTHS 1.7)

group. 1300 rpm: a) Oil 2+ 0.3% MoDTC b) Oil 2+0.5% MoDTC c) Oil 2+0.7% MoDTC. Colours indicate Raman intensity in counts.

Figure 8. MoS2 Raman map distribution at selected positions along the stroke after AVL FRISC fired tests using Oil 2 (HTHS 1.7)

group. 1200 rpm: a) Oil 2+ 0.5% MoDTC b) Oil 2+ 0.7% MoDTC.

Alenezi et al. 9



spectroscopy. Higher Mo oxidation states (named MoOx2
in this work) are present throughout the stroke. These
species would be related to Mo (VI) attributable to
MoO3, or more likely to FeMoO4 which plays a funda-
mental role in the tribochemistry of MoDTC to deliver
MoS2.

17 More remarkable is the presence of partially oxi-
dised molybdenum compounds (denoted by MoOx1)
instead of the fully reduced MoS2 compound. These
species show an intermediate oxidation state and most
likely consist of MoSxOy compounds arising from
partial oxidation of MoS2,

49 or incomplete reduction to
MoS2 from MoDTC. Regardless of the driving mechan-
ism, it is evident that the harsh temperature and oxidating
conditions in the vicinity of the TDC severely impact the
composition of the tribofilm.

Energy savings
A key outcome derived from the results is that the unique
conditions occurring during the combustion phase do play
a negative role in MoDTC tribochemistry and low friction
tribofilm formation, limiting its potential friction benefits

in boundary lubrication occurring on the piston-liner
interface. Moreover, friction energy losses in the piston-
cylinder system are majorly attributed to the mid-stroke
parts of the cycle, where high speeds (displacement per
unit time) will exacerbate the effect of friction reduction.
As mid-stroke piston-cylinder contact tends to occur in
the hydrodynamic regime, questioning whether MoDTC
tribochemistry in boundary contact is sufficient to have
a significative impact on energy losses remains.

Figure 11 shows that the presence of MoS2 at both
returning points has a moderate impact on FMEP in
motored tests using Oil 1, with an overall FMEP reduction
of 3 to 6% (for 0.5% and 1% MoDTC, respectively).
Despite the negative effect of combustion, an overall
FMEP reduction of more than 20% is achieved in fired
tests. This can be attributed to the pressure and radial
forces the combustion generates over the engine compo-
nents, which promotes a harsher contact between the
piston and the cylinder and a boundary or mixed lubrica-
tion contact over a wider span of the stroke, especially
when low viscosity oils are used.50 Breaking down
FMEP to different areas of the stroke, it can be observed

Figure 9. XPS analysis showing relevant Molybdenum peaks at key positions along the stroke of the AVL FRISC liner tested with

Oil 2+0.7% MoDTC (1200 rpm, 6.5bar). MoOx2, MoOx1 and MoS2 Mo3d5/2 fitted peaks are represented in dashed lines.
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Figure 10. XPS analysis showing relevant Molybdenum peaks at key positions along the stroke of the AVL FRISC liner tested with Oil

2+ 0.7% MoDTC (1200 rpm, 6.5bar).

Figure 11. FMEP in kPa for Oil 1 (motored and fired tests) and Oil 2 (fired tests), and contribution to FMEP from BDC (−45° to 45°

about BDC), low mid-stroke (−90° to −45° and 45° to 90° about BDC), high mid-stroke (−90° to −45° and 45° to 90° about TDC)

and TDC (−45° to 45° about TDC).
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that, for oil 1, only close contact around BDC generates a
significant FMEP reduction in motored tests, but in fired
tests, a reduction is apparent along the entire stroke, high-
lighting the contribution of the bottom part of the stroke to
this achievement. The less viscous Oil 2 presents a
slightly lower FMEP under the same conditions as those
of Oil 1, with a smaller FMEP contribution from the mid-
stroke area (purple and green bars) and a slightly higher
contribution from the returning points (yellow and
orange bars). With the addition of MoDTC, an overall
FMEP reduction of about 15% is obtained, in agreement
with the findings of Tomanik et al. in an experiment
under similar speed and loading conditions.51 The addi-
tive remarkably contributed, not only close to the BDC
area but also at mid-stroke range. On this occasion,
regardless of the MoDTC, FMEP is not reduced in the
vicinity of the TDC, due to the conditions leading to the
absence of MoS2 at the top part of the cylinder, in agree-
ment with Raman and XPS findings.

As previously mentioned, a threshold of MoDTC
needs to be overcome to achieve effective frictional
gains, with no further beneficial effect on friction as the
concentration increases. Selecting a higher concentration
of MoDTC would be required to account for the depletion
of the additive,52 and ensure an effective friction reduc-
tion between designed service intervals in the final appli-
cation. Geometries, working conditions and materials
need to be taken into account for the determination of
the optimal additive concentration.10 It is also noteworthy
that the addition of MoDTC minimised the effect of redu-
cing the viscosity, in agreement with the findings obtained
by Ito et al. for diesel engines.7 In this study, the lowest
viscosity oil containing 0.7% MoDTC exhibited the best
frictional performance under moderate load and low
speed fired conditions.

Conclusions

Frictional data from floating liner rig combined with
advanced surface analysis provided key insights on
MoDTC tribochemistry and its effect on friction under
real engine conditions. These are listed as follows:

• In motored tests, MoDTC decomposes to MoS2 at both
returning points (TDC and BDC). This translates to
moderate FMEP reduction, as friction reduction is
only produced when piston speeds are low.

• In fired tests, MoDTC decomposes to MoS2 only at the
BDC area. No fully crystalline MoS2 is present at the
TDC, but oxidised molybdenum species are present
instead. The presence of MoS2 at the bottom part of
the cylinder suffices to provide remarkable FMEP
reduction throughout the entire cycle, with a major con-
tribution when the piston is located at the lower half of
the cylinder. This FMEP reduction is attributed to harsh
conditions under fired conditions and low viscosity
oils, which expands the range along the stroke where
boundary lubrication occurs, enabling friction reduc-
tion by MoDTC tribochemistry.

• Piston-cylinder tests evidence the necessity of a
minimum percentage of MoDTC to trigger MoDTC tri-
bochemistry under certain conditions in agreement with
results obtained on benchtop tribometers. A higher con-
centration above the minimum required provides a
higher MoS2 coverage in the areas where boundary
lubrication occurs, but this higher coverage does not
entail further FMEP reduction, demonstrating that a
friction reduction effect is achieved when a certain
quantity of asperities is appropriately covered.

These findings set a unique framework for the develop-
ment of low viscosity oils containing MoDTC friction
modifiers, tailored for internal combustion engines
subject to specific working and durability requirements.
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