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Molybdenum dithiocarbamate (MoDTC) is usually added in low viscosity engine oils to improve its ability to
reduce friction. However, increasing the amount of MoDTC added results in unwanted sulfated ash increases and
other adverse effects. Thus, it is necessary to investigate the optimization of the amount of MoDTC added. The
current work investigates this topic in terms of the Mo concentration in the lubricant. Seven different Mo con-
centrations with the same additive package are tested, whose tribological properties and chemistry of the tri-
bofilm are investigated. For the selected operating conditions in this study, the critical concentration of Mo is
determined to be ~ 350 ppm due to its ability to reduce the friction to ~ 0.04 under a constant and varying
lambda ratio by forming the required threshold thickness of MoS; within the tribofilm matrix, dominated by zinc
dialkyl dithiophosphate (ZDDP) species. In general, increasing the Mo concentration increases the formation rate
of MoS; in the initial stages of the traction, directly forming a thicker MoS, layer within the tribofilm up to a
specific Mo concentration. Induction time also decreases with increasing Mo concentration, and increasing the

Mo concentration from 350 to 1000 ppm does not negatively impact the wear generated.

1. Introduction

Original equipment manufacturers (OEMs) are constantly finding
new ways to increase the fuel economy for their vehicles. Such drive for
better fuel economy has been increased due to strict COy emissions
legislation from countries and regions such as China and Europe [1-3].
Therefore, OEMs have to implement different solutions to meet these
requirements set by international governments.

One efficient approach to increase the fuel economy that OEMs are
taking is to decrease the viscosity of the engine oil. Previous research has
shown that a 2.75% fuel efficiency increase can be achieved using an
SAE 5 W-20 oil compared to an SAE 10 W-30 oil [4]. Lowering the
viscosity further still produces positive results; a 1.5% increase can be
achieved using a 0 W-20 compared to a 5 W-30 [5]. A new oil grade has
been introduced recently as SAE 0 W-8 to counteract the tighter COy
reductions further. Since this is a relatively new oil grade, little research
has been conducted on 0 W-8 engine oils. It must be noted that there are
multiple differing fuel economy tests and engines using ultra-low vis-
cosity engine oil to which the results have not always provided a positive
result [6]. However, recent studies have shown that a fuel economy
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increase of 0.57% and 0.8% can be obtained using a 0 W-8 engine oil
compared to 0 W-16 [7,8].

There are several advantages of using low viscosity oils. Decreasing
the viscosity of the oil improves the pumping ability during cold starts.
In addition, it enables the oil to be thin enough to lubricate the com-
ponents upon engine start-up, ensuring the least amount of time it takes
to complete an entire cycle of lubrication within the ICE. All the contacts
of moving parts under lubrication travel through different lubrication
regimes during operation. A graph of the main lubricated components of
an ICE with the regimes they operate in is shown in Fig. 1-1. The Stribeck
curve is utilized to visualize the overall view of friction variation in the
different lubrication regimes. Boundary lubrication means more metal-
on-metal contacts and increased friction, whereas hydrodynamic
regime means total separation of the surfaces through lubrication and
reduced friction. In terms of friction, previous research has shown that
lowering the oil viscosity decreases the hydrodynamic friction in the
bearings and other components [9]. However, lowering the viscosity of
the lubricating oil also shifts all the components’ lubrication regimes
towards the boundary regime, decreasing the tribo-contact lambda
ratios.
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Decreasing oil viscosity generates more metal-to-metal contact be-
tween the components, especially at high temperatures where the oil is
at its thinnest [10]. In addition, components that make up the piston
assembly, exhaust, and inlet valve all have increased friction when
lowering the oil’s viscosity, as these operate at lower lambda ratios.
Therefore, boundary-active additives such as MoDTC and ZDDP become
more important as the oil’s viscosity is lowered to ensure low friction
and wear [11-14].

The increased fuel economy demands are causing countries like
Japan to increase the concentration of MoDTC to very high amounts of
1000 + ppm, which supposedly gives prolonged fuel economy boosts.
However, when lowering the oil’s viscosity, the concentration of
boundary additives has to be increased due to a decrease in lambda ratio
at the tribo-contacts and additive depletion due to oxidation [15]. In
addition, there is also a need to reduce the amount of sulfur, which is
part of the MoDTC molecule within engine oils due to its harmful effects
on the engine and its relatively high cost [16,17]. Therefore, under-
standing the behavior of MoDTC in fresh oils and aged oils is extremely
important, which will directly lead to the optimization of MoDTC.

The Mo concentration for new ultra-low viscosity engine oils must be
optimized to ensure low friction is achieved over a long oil drain interval
(ODI). The friction modifier must perform in the harsher conditions
created by lowering the oil viscosity. However, it does not need to be
present in great excess such that it is expensive/inefficient and a sig-
nificant contributor to harmful products. To investigate the optimum Mo
concentration for the new ultra-low fully formulated engine oils, specific
criteria have to be analyzed. The first is Friction reduction, which has a
massive influence on the fuel economy of the ICE. The fuel economy will
be negatively impacted if the concentration is too low to produce friction
reduction and low steady-state friction. Since most OEMs increase the
Mo concentration to closer to 1000 ppm, the impact on the tribofilm
must be understood. The increase of Mo concentration could potentially
reduce the ZDDP products found within the tribofilm known for their
anti-wear properties. Finally, the impact of increasing the Mo concen-
tration has on wear has to be investigated. The optimum Mo concen-
tration must not negatively impact the wear or friction while keeping a
higher fuel economy than the higher viscosity oil counterparts.

2. Experimental procedures
2.1. Test oils

A fully formulated 0 W-8 engine oil with no friction modifier pro-
vided by Sinopec has been used as the base fluid. Six different Mo
concentrations were added to the base fluid to assess their tribological
performances.

The seven formulations tested in this study are shown in Table 2—-1.
All the sample oil’s kinematic viscosities are within the 0 W-8 engine oil
grade bracket according to the American Society for Testing and Mate-
rials (ASTM) D445. High-temperature high shear viscosities (HTHS) and
cold cranking simulator (CCS) were performed by Sinopec Lubrication
Company according to ASTM D4683 and D5293 standards.

Inductively Coupled Plasma Mass Spectroscopy (ICP-AES) was used
to measure the concentration of Mo within the sample oils and the other
elements associated with the other additives within the fully formulated

Table 2-1
Test oil formulations.
Sample number 1 2 3 4 5 6 7
KV 100/D445 5.34
KV 40D445 25.46
HTHS 150/D4683 1.92-1.94
CCS 35/D5293 3550
Mo conc. (ppm) 0 85 180 350 500 750 1000
S conc. (ppm) 2976 3200 3309 3614 4349 4544 5059
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oils. As expected, elements associated with ZDDP and the detergents
such as Zn, P, and Ca all had similar values in the sample oils. The only
different elements in the sample oils are Mo and S, both associated with
the structure of MoDTC. Such simultaneous variations in both S and Mo
might dilute the optimization Mo concentration found in the current
study. However, the increase of S is inevitable as increasing Mo con-
centration by adding MoDTC. We chose MoDTC as it is widely used in
commercial engine oil to introduce Mo. It should also be noted that the
ability of the Mo element to reduce friction is achieved through forming
MoS,. Thus, the S element must be included in the lubricant. Therefore,
although the simultaneous variations in both S and Mo have adverse
effects on the optimization of Mo concentration, the outcome of this
paper is still practical and can be used in developing low viscosity engine
oil. In future studies, lubricants with only Mo concentration varying
should be investigated.

2.2. Tribological testing

2.2.1. Friction

To measure the friction and tribofilm growth under certain operating
conditions, an MTM and spacer layer imaging (SLIM) camera was used.
The schematic for the MTM is shown in Fig. 2-1. An AISI 52100 steel
alloy ball, 19.05 mm in diameter, is loaded against a flat AISI 52100
steel alloy disc, 46 mm in diameter, submerged in the oil sample,
~ 35 mL. The contact orientation is a ball on disc which are indepen-
dently driven to create the required conditions. Before the experiments
began, both the ball and disc were cleaned in methanol using an ultra-
sonicating bath for 5-10 min. This is to prevent any contamination
affecting the performance of the oil and results obtained.

To understand the influence of Mo concentration when the contact is
under a constant lambda ratio and a rapidly varying lambda ratio, two
steps were used in the experiment: Stribeck and traction. A schematic of
the MTM test procedure is shown in Fig. 2-2. The test starts and ends
with a mapper step. In the Stribeck phase, the parameters kept constant
are temperature, slide to roll ratio (SRR), load, and contact pressure,
with the entrainment speed being the only criterion that changes.
Entrainment speed decreases from 2000 mm/s to 10 mm/s to protect
any tribofilm that forms during the traction phase by avoiding the low
lambda ratio at the beginning of the phase [18]. In the traction phase, all
parameters, such as temperature and load, are kept constant. Entrain-
ment speed is fixed at 100 mm/s, corresponding to a typical lambda
ratio value of 0.2 found in the ICE [19].

Lambda ratios for a known speed were calculated using the Dowson
& Higginson minimum thickness for a point contact equation as shown
in Egs. 1 and 2. The operating conditions and materials used in the MTM
tests are shown in Table 2-2, with surface roughnesses of the ball and
disc being < 0.02 um Ra. The SRR is defined as (Up-Up)/U where the
sliding speed is Ug-Up and entrainment speed or mean rolling speed is

SLIM unit
Load
Wear track —2, Ball
Disc |

[

Sample oil = 35mL

Fig. 2-1. MTM schematic.
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Fig. 2-2. MTM test procedure.

Table 2-2
MTM operating conditions.

Parameters Stribeck curve phase Traction phase
Materials AISI 52100 Steel ball AISI 52100 Steel ball
and disc and disc
Sliding rolling ratio % 100 100
(SRR)
Load (N) 40 40
Hertzian/contact pressure 1.0 1.0
(GPa)
Speed (mm/s) 2000 ~ 10 100
Temperature (°C) 120 120

U= (Ug+Up)/2. In total, there are 8 Stribeck phases and eight traction
phases. Stribeck curves were taken at intervals of 0, 5, 60, 240, 480, 720,
960, and 1200 min of traction. The total running time of the test is 24 h.
This test duration was chosen to understand the amount of the MoDTC
depleted within the tribo-contact during the test with harsh operating
conditions.

~0.073

hI’;:L _ 3.63(%’1(;{* )O'GS(GE)OAQ (EY;J (1 _ efo.e,mv) @
i

A= Sk, (2

2.2.2. Optical film thickness

Experiments of selected sample oils were conducted with the addi-
tional SLIM technique to obtain the tests’ optical film thickness and
repeatability. A schematic of the optical interference technique is shown
in Fig. 2-3.

MoDTC in a binary system does not produce a tribofilm where the
optical film thickness can be measured accurately [20]. In some cases,
the steady-state thickness is < 10 nm or produces an extremely small
value [20]. Previous research has shown the SLIM technique to accu-
rately measure the ZDDP/phosphate glass films and not MoDTC/MoS;
films [21-23]. Therefore, for this research, the influence of MoDTC and
its concentration has on the ZDDP film formation can be investigated.

During the test to obtain the SLIM images, the ball is unloaded from
the disc and loaded against a thin Cr layer coated glass disc. White light

Incident light
Thin Cr Layer \ //2
\ <+— Glass disc
SiO, layer _—»

=130nm
Tribofilm /

Fig. 2-3. SLIM technique.

is then illuminated down a microscope, and an image of the tribofilm is
taken. The ball is then reloaded onto the disc, and the next step begins.
This process is repeated at every interval previously stated. The repeat
test duration was changed to 4 hrs, with SLIM measurements obtained at
intervals of 0, 5, 15, 30, 60, 120, 180, and 240 min.

2.3. Surface analysis

Before any surface analysis technique was performed, the ball was
cleaned with heptane to remove any potential excess oil left on the
samples after MTM testing.

2.3.1. X-ray Photoelectron Spectroscopy

Chemical analysis of the tribofilm was conducted using XPS. The X-
ray source was Al Ka 1486.6 eV, with two types of scans used in the XPS
analysis: High resolution (HR) and survey scans. In addition, etching
was also utilized to understand the compounds and element weight % in
the different layers of the tribofilms. The etching was performed using
an Ar" ion beam at 2 keV with a sputtering current of 1 uA. Previous
literature has shown that this setting produces an etch rate on steel of
4.5 nm per minute by Wyko [24].

Survey scans were performed to identify the elements present within
the area of interest. The chemical composition of the tribofilms was
obtained by performing HR scans. Mo 3d curve fitting was conducted
using certain conditions and constraints. The area peak ratio of 3ds/o:
3ds/; is always equal to 3:2. In contrast, the binding energy difference
between the two spin orbitals is always a constraint to 3.13 eV [25].

The Cls signal for calibration due to potential charging during
acquisition is set to 285 eV before any analysis is undertaken [26].
Shirley line type was used as a standard baseline, and different line
shapes were used for the peaks to distinguish the different components
within the signals.

2.3.2. Raman spectroscopy

Reinshaw Raman spectrometer system has been used to obtain MoS;
tribofilm distribution on the wear scar. Raman spectra for all tribofilms
generated on the balls were obtained with a 488 nm wavelength laser
with a 10% power filter, 10 s exposure time, and two accumulations per
acquisition. Power filter at 10%, low exposure time of 10 s, and two
accumulations were selected to prevent the laser from damaging the
tribofilm. The 488 nm wavelength laser was selected as previous
research has shown it is critical for MoS, tribofilm detection [27].

A mapping area of 100 um x 100 pm with a step of 7 pm x 7 um was
obtained from the middle of the wear scar, which equates to 225 points
taken in total. An example of the Raman spectra where MoS; is detected
is shown in Fig. 2-4 and the peaks and associated vibration modes. The
vibration modes E;; wavelength number is ~ 381 em™" and A; g is
~ 408 cm™!. Raman intensity maps were generated using the A; ¢ peak
intensities [28]. Scale bars for the A; ; peak intensities were kept the
same to enable comparisons.

2.4. Wear analysis

Wear analysis of the samples was conducted on the discs using an
NPFlex, utilizing the white light interferometer technique. The majority
of the tribofilm was initially removed before obtaining images for
analysis. Tribofilm removal was conducted using a 0.05 M EDTA solu-
tion applied to the wear track for 1 min [29]. Due to the contact being
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Fig. 2-4. Spectra example with the vibration nodes associated with MoS,.

unidirectional and the wear scar not concentrated in a straight line,
three areas of interest on the discs were chosen for analysis using the
NPFlex, as shown in Fig. 2-5. Averages of the wear volume loss, Viyear
volume loss 1S then taken from these three areas to calculate the wear co-
efficient, K, using the Archard expression shown in Eq. 3, where L is
sliding distance and W is load.

VW(‘(L"

volume  loss
K=———017——"7"-"—+ 3
W 3

3. Results and discussion
3.1. Friction analysis

Friction is the most important factor when investigating the critical
and optimum Mo concentration within a selection of engine oils. Two
aspects of friction, steady-state and Stribeck curve, from the MTM re-
sults, can be used to help understand how Mo concentration changes
influence the coefficient of friction values during operation. Steady-state
friction is the friction value under a constant speed and lambda ratio. In
contrast, Stribeck curve friction is when the contact is under a varying
entrainment speed and lambda ratio.

3.1.1. Steady-state coefficient of friction

Fig. 3-1 displays the coefficient of friction vs. time graph for all the
sample oils for the first 3000 s during the traction phase at a constant
speed, while Fig. 3-2 shows the final 3600 s of traction to end the 24 h

Scanned
area(s)

Fig. 2-5. Selected areas of analysis.
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Fig. 3-1. First 3000 s in the traction phase at a constant speed for all Mo
concentrations.
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Fig. 3-2. Final 3600 s of the 24 h of traction for all Mo concentrations.

test. Fig. 3-1 highlights the induction friction, and Fig. 3-2 the steady-
state friction for all the Mo concentrations.

It is clear from Fig. 3-1 that all concentrations > 180 ppm reduce the
friction coefficient to ~ 0.04 in the traction phase. A general trend of
increasing Mo concentration to reduce the friction induction time is also
observed, and the theory behind this is discussed in the later sections.
The friction induction periods are typical of MoDTC in fully formulated
or formulated with base oils from previous research, where a sharp drop
is observed due to MoS, formation within the tribofilm matrix [30-32].
Towards the end of the 24 h of traction, all Mo concentrations are at
their steady-state friction values, as shown in Fig. 3-2. However,
180 ppm of Mo’s friction fluctuates a lot more than the other concen-
trations. Again, the theory behind this is discussed in the later sections.

The steady-state coefficient of friction values from the traction phase
for the range of Mo concentrations tested on the MTM is shown in Fig. 3-
3. These values are calculated by taking the average friction for each
concentration towards the end of the traction phase as shown in Fig. 3-2.

The sample oil with no Mo concentration as expected produces a
high coefficient of friction value. This value is typical of oils that do not
contain a friction modifier with a tribofilm containing anti-wear and
detergent additives [33]. As the Mo concentration is increased to
85 ppm, a drop in steady-state friction is observed from =~ 0.14 to
~ 0.08. However, the friction reduction is only ~ 0.08 and not the
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Fig. 3-3. Steady-state friction for all Mo concentrations.

typical value of ~ 0.04 expected from a MoS; rich tribofilm. Thus,
85 ppm of Mo provides a sufficient concentration to reduce friction but
not enough to generate the ~ 0.04 friction value.

This paper’s minimum Mo concentration, which produces a steady-
state friction value of = 0.04 in the traction phase at a constant
lambda ratio, is 180 ppm. The concentration chosen is only based on the
friction under a constant lambda ratio, and it must keep the friction
under varying lambda ratios in the boundary and mixed regimes.
However, it must be noted that no concentration between 85 and
180 ppm of Mo was tested, and the minimum concentration could be
within the upper limit of the range between them. All concentrations
greater than 180 ppm all produced steady-state friction values ~ 0.04.
Research has shown that the critical concentration within a binary
system of base oil and MoDTC with a kinematic viscosity of 5.28 cSt at
100 °C is ~ 180 ppm, dependent on temperature [12], which agrees
with the findings in this paper for fully formulated oil. In theory, the
reduction in viscosity causes the contacts lambda ratio to reduce, which
could potentially influence the formation. Previous research has shown
that an increase in oil viscosity with low Mo concentration impacts
friction at lambda ratios ranging from 0.1 to 0.3 [34]. However,
regardless of oil viscosity, higher Mo concentrations are impacted less.
To fully optimize the Mo concentration further in ultra-low viscosity
with application to the ICE, the optimum concentration must keep low
friction over varying lambda ratios as its higher concentration coun-
terparts and a similar steady-state friction value.

3.1.2. Coefficient of friction under varying lambda ratios

Fig. 3-4 displays the final Stribeck curves obtained at 20 h into the
test when the steady-state friction value has been well achieved in the
traction phase. The graph shows the entrainment speed where the
lubrication regime transitions from boundary to mixed at 1320 mm/s.
Sample with 0 ppm of Mo clearly shows the highest friction values over
the whole range of entrainment speeds used. This Stribeck curve re-
sembles recent research that tested fully formulated higher viscosity
oils, 0 W-20, with no friction modifier [35]. Regardless of oil viscosity,
as long as anti-wear and detergent additives are present within the fully
formulated oil, an increase of steady-state friction to ~ 0.13 will be
observed. This is due to the tribofilm being composed of ZDDP and
detergent products.

It is very clear from the final Stribeck curves that Mo concentrations
> 350 ppm all exhibit similar friction behavior. The Stribeck curves for
these concentrations, where the friction ~ 0.04 does not fluctuate with
lambda ratio changes in the boundary and mixed regimes, are typical for
fully formulated oils with high Mo concentrations [36,37].

The attention of analysis on the graph must be given to the 180 ppm
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of Mo sample oil. In the previous section, 180 ppm produced a steady-
state friction value at a constant lambda ratio of ~ 0.04. However,
under varying lambda ratios, it is clear that the low friction value of
~ 0.04 is unattainable. The Stribeck curves taken at every interval for
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Fig. 3-5. Stribeck curves (a) 180 ppm of Mo and (b) 1000 ppm of Mo.
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the 180 ppm concentration are shown in part (a) of Fig. 3-5. For com-
parison, the 1000 ppm concentration is also included in part (b) of
Fig. 3-5. Higher friction values are obtained across the whole range of
entertainment speeds for 180 ppm than higher Mo concentrations. This
shows the importance of testing fresh oils under varying lambda ratios
along with a constant lambda ratio. A concentration greater than
180 ppm can keep a low friction value of ~ 0.04 under the varying
lambda ratios. The theory for why the tribofilm and Mo concentration at
180 ppm produces increased friction under a varying lambda ratio can
be explained using tribofilm characterization techniques, shown later.

3.1.3. Induction time

Another factor to consider when investigating the optimum Mo
concentration for ultra-low viscosity engine oils is the time for the
friction to reduce to its steady-state value of ~ 0.04.

The induction time to reach each Mo concentration steady-state
value is shown in Fig. 3-6. Steady-state friction is determined by aver-
aging the friction in the traction phase towards the end of the test, as
shown in Fig. 3-2. Only the Mo concentrations, which reduced the
friction to ~ 0.04, are included. Standard deviations for the repeated
tests are also included. Again, a clear trend is observed; increasing the
Mo concentration decreases the induction time to reach its steady-state
friction value. The induction time reduction with higher concentration
can be explained by the formation and removal of MoS in the tribofilm
matrix. Previous research determined that in the initial stages of the
rubbing period, the tribofilm matrix is very thin with amorphous MoS,
structures dispersed. As the surfaces continue to rub, the tribofilm ma-
trix becomes thicker with a layer-lattice structure of MoS;, which leads
to friction reduction and an induction time. At that point in the tribofilm
formation, the formation rate of MoS; is greater than the removal rate
[28]. Clearly from Fig. 3-6, increasing the Mo concentration decreases
the induction time to reach a steady-state friction value. Mo concen-
tration must be a significant contributor to the formation rate of MoS,,
which increases the imbalance between the formation and removal rate
as Mo concentration increases. When the formation rate of MoS, be-
comes more significant at the initial tribofilm formation, the induction
time decreases. In theory, more and thicker MoS; layers are formed
within the MoDTC/ZDDP tribofilm matrix in the initial stages of the
tribofilm formation. Once the rate of formation is equal to the rate of
removal, steady-state friction is achieved. Increasing the Mo concen-
tration greater than 1000 ppm will further decrease the induction time.
However, there should be a maximum Mo concentration to which
further increases do not reduce the induction time. This concentration
would be a lot greater than 1000 ppm.

800
700
600
500
400
300

200 + \
(]

100

Induction time to reach steady-state CoF (s)

T T T T T
200 400 600 800 1000
Mo concentration (ppm)

Fig. 3-6. Induction time to reach a steady-state friction value of 0.04.
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After each Stribeck phase has occurred, there is also an induction
period for the coefficient of friction to reach its steady-state value. To
highlight the influence Mo concentration has on this induction period,
180, 350, and 1000 ppm sample oils first 500 s of traction after Stribeck
curves are shown in Fig. 3-7.

Part (a) of Fig. 3-7, for 180 ppm, clearly shows that the friction value
in the traction phase has to decrease after the Stribeck curve phases have
been completed. The Stribeck curves varying lambda ratio and
entrainment speed create instability in the tribofilm matrix, increasing
the friction when the contact is constant, mainly due to very low lambda
ratios used in the Stribeck curve, much lower than in the traction phase.
Regardless of test time, there is still an induction period for the friction
to reach its steady-state value again. Once the Mo concentration is
increased to 350 ppm, part (b) of Fig. 3-7, the friction after the Stribeck
curve phase at the start of the traction is lower, and the induction time
decreases, suggesting a more stable tribofilm matrix, with the ability to
keep low friction. Again when increasing the Mo concentration to
1000 ppm, the same effect is observed, part (c) of Fig. 3-7. Therefore, Mo
concentration significantly influences the friction function of the tribo-
film matrix well after steady-state friction and full tribofilm formation
has occurred.

3.2. Tribofilm thickness

Optical film thickness measurements using the SLIM technique are
critical to understanding the influence Mo concentration has on the
growth of the tribofilm and steady-state film thickness values. Three of
the Mo concentration were selected for friction test repeats with the
SLIM. 0 ppm, 350 ppm, and 1000 ppm. The selections were based on the
friction analysis from the initial tests.

3.2.1. Tribofilm growth rate and steady-state film thickness

Fig. 3-8 displays the optical film thickness growth for the selected Mo
concentrations during the test duration. The SLIM images for the final
measurement towards the end of the test are also shown on the graph’s
right-hand side.

The 0 ppm of Mo test shows a steady-state optical film thickness of
~ 110 nm, typical of tribofilms which mainly consist of the ZDDP
products such as zinc sulfide, glassy phosphates, and zinc polyphosphate
chains formed during rubbing [29]. The addition of MoDTC into the oil,
which is sufficient to reduce the friction to ~ 0.04, clearly shows a
decrease in steady-state optical film thickness. The decrease observed
when adding MoDTC can be explained by the competitive absorption
between the boundary-active additives [38]. The theory suggests that
MoDTC prevents the complete formation of a ZDDP tribofilm. Since a
fully formed MoDTC tribofilm is only ~ 10-20 nm thick, the general
film thickness decreases in fully formulated oil [22].

Since the SLIM technique favors ZDDP tribofilms and it has been
determined from previous research that MoS; produces a tribofilm
thickness which produces immeasurable results, it becomes difficult to
determine the thickness of the MoS; part of the tribofilm matrix in the
beginning stages of the test [20,29]. However, from the results, the
ZDDP thickness does decrease with the addition of MoDTC, indicated by
the light brown colors and values. Increasing the Mo concentration from
350 to 1000 ppm does not significantly change the steady-state film
thickness values. The difference between the Mo concentrations is the
tribofilm growth rate. After 5 min of traction, 350 ppm of Mo has a
slightly thicker tribofilm than 1000 ppm, suggesting a thicker ZDDP part
of the tribofilm with MoS, formed within.

3.3. Tribofilm chemical composition

To further understand the differences between the 180 and 350 ppm
of Mo tribofilms, XPS analysis has been utilized to determine the species
associated with certain additives. At the same time, Raman enabled the
analysis of MoS; in terms of coverage and peak intensity within the
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tribofilm to accompany the XPS data.

3.3.1. X-ray Photoelectron Spectroscopy

Fig. 3-9 displays the Mo3d deconvoluted XPS signals at 0 and 120 s
etch time for samples with 180 and 350 ppm of Mo. All Mo concentra-
tions higher than 350 ppm produced the same peaks as 350 ppm at
0 and 120 s etching time.

Peaks at S2s and two chemical states of Mo at (IV) and (VI) were
detected at O s etch time for both samples. This suggests that at 0 s etch
time for both tribofilms, metal sulfide from the S 2 s peak and MoS; and
Mo oxides from Mo (IV) and Mo (VI) are present. Peaks detected at 0 s
are typical of tribofilms with Mo species decomposed from MoDTC in
fully formulated oils [25,38-40]. The difference between the two HR
scans at 0 s etch time is the Mo (IV): Mo (VI) ratios. At 0 s etching time,
the Mo (IV): Mo (VI) ratio for 180 ppm is 53.45: 13.38 and 70.07: 8.71
for 350 ppm. Previous research has shown that Mo (IV): Mo (VI) ratios
can be used to analyze the MoS, to Mo oxides ratio to understand the Mo
species formed from MoDTC in terms of quantity [25,31]. A higher Mo
(IV): Mo (VI) ratio indicates a higher concentration of MoS, than Mo
oxides in the tribofilm. It must be noted that the Mo concentrations
greater than 350 ppm all produced similar ratios compared to 350 ppm
at 0 s etching time. Similar ratios indicate that an increase in Mo con-
centration past the critical concentration does not affect the concen-
tration of MoS; compared to Mo oxides at O s etch time. Therefore, XPS
and tribofilm thickness analysis suggest tribofilm chemistry and thick-
ness do not significantly change when increasing the Mo concentration
past the critical concentration, 350 ppm.

The peaks within the 120 s etching time signals show significant
differences between the two concentrations. 180 ppm produces a weak
signal which can not be analyzed, suggesting no Mo species are present
at 120 s etching time. 350 ppm has the same peaks at 120 s etching time
compared to 0 s with additional peaks associated with Mo (V) chemical
state. The additional Mo (V) chemical state peak is associated with Mo
oxysulphide [40]. For all Mo concentrations > 180 ppm, the Mo (IV):
Mo (VI) ratios decrease as the etching time increases from 0 to 120 s. No
peak detection at 120 s for 180 ppm suggests Mo species are more
embedded within the layers towards the substrate for 350 compared to
180 ppm.

3.3.2. Raman spectroscopy

Fig. 3-10 displays the Raman mapping and frequency distribution of
intensity for the 180 and 350 ppm tribofilms to accompany the XPS
analysis. XPS has shown that 350 ppm of Mo has more MoS; species at
0 and 120 s etch time, suggesting more MoS; is embedded within the
ZDDP dominant tribofilm. While tribofilm thickness has shown, ZDDP
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dominated tribofilms decrease in thickness with the addition of MoDTC,
and an increase of Mo concentration greater than 350 ppm does not
significantly change the steady-state film thickness.

Apparent differences can be seen between the Raman mapping and
peak intensity frequency of the 180, 350, and 1000 ppm tribofilms.
180 ppm has less MoS, coverage than 350 ppm with lower total in-
tensity counts. The majority of the higher intensity areas are found
within the center of the tribofilm for 180 and 350 ppm. Once the con-
centration increases past 500 ppm, the intensity areas cover larger areas
of the tribofilm, as shown in Fig. 3-10 for 1000 ppm. Previous research
also found that the higher intensity areas of MoS; were towards the
center of the Hertzian contact pressure point for a 500 ppm of Mo fully
formulated engine oil [41]. However, the operating conditions were less
harsh than those used in this study. The total count for 180 ppm tribo-
films is &~ 50% less than 350 ppm. The coverage does not increase as the
Mo concentration increases past 350 ppm. However, the total intensity
counts and peak intensity frequency increase to a maximum point, as
shown in Fig. 3-11.

The maximum total intensity counts and peak intensity occur when
the Mo concentration is > 500 ppm, with =~ 30-50% higher total in-
tensity counts than 350 ppm’s tribofilm, outlined in Fig. 3-10 and Fig. 3-
11. An increase in total intensity counts MoSy within the tribofilm as Mo
concentration increases have been documented in previous research, but
only with two different Mo concentrations [34]. Once the Mo concen-
tration is increased past 500 ppm, the Mo concentration does not impact
the total intensity counts and coverage of MoSy within the ZDDP
dominate tribofilm. However, a slight decrease in friction is observed
with concentrations greater than 500 ppm. The increase in total in-
tensity counts and full coverage within the tribofilm matrix can explain
this.

The XPS, Raman data, and analysis findings coupled with the tri-
bofilm thickness results can explain the increased friction in the Stribeck
curves for 180 compared to 350 ppm of Mo. It takes roughly 13 min of
traction at a constant speed for 180 ppm of Mo to reduce the friction to
~ 0.04, which suggests that around this point in the test, MoS, layers are
relatively thick in the MoDTC/ZDDP/detergent tribofilm matrix. Pre-
vious research has shown that reaching a friction value of =~ 0.04

240 235 230 220

Binding energy (eV)

225

XPS analysis for Mo 3d signal at 0 and 120 s etch times (a) 180 ppm and (b) 350 ppm.

requires thick MoS; layers within the tribofilm matrix [28]. The XPS and
Raman data suggest that Mo concentration significantly influences the
thickness of MoS, layers within the tribofilm matrix and the Stribeck
curve friction is highly dependent upon it. However, past a threshold
concentration, the thickness of MoS; layers is a lot less significantly
impacted. The destructive nature of rapidly changing lambda ratios in
the Stribeck phase removes part of the tribofilm. As part of the tribofilm
is removed, the MoS, within the tribofilm reduces significantly for
180 ppm, shown in Fig. 3-9 and Fig. 3-10. As Mo concentration in-
creases, the effect this has on the friction is lowered, Fig. 3-7. Therefore,
180 ppm does not produce a MoDTC/ZDDP/detergent tribofilm matrix
with thick enough MoS; layers to keep a reduced friction value of ~ 0.04
when the lambda ratio changes from constant to varying. The friction
also fluctuates under a constant speed, as shown in Fig. 3-2. Once the
constant lambda ratio is resumed after the Stribeck curve phase, the
MoS; layers removed reform in the tribofilm matrix to obtain the ~ 0.04
friction. This process is constantly repeated should the tribofilm thick-
ness or operating conditions change.

3.4. Wear analysis

The optimum Mo concentration for new ultra-low viscosity engine
oils must not negatively impact the wear of the tribocontacts. Wear and
friction are the two most important factors that determine where the Mo
concentrations optimum value is. Therefore, there must be a balance
between low friction and low wear. After completing the friction tests
and analysis, three Mo concentrations were selected for wear analysis.
The sample with no Mo, the sample with the lowest concentration
producing the same results as its higher concentration counterparts, and
the higher Mo concentration tested.

3.4.1. Wear coefficients
Fig. 3-12 displays the wear coefficients calculated from wear volume
loss values and the average wear scar widths obtained from an optical
microscope. Both sets of results are in agreeance with each other.
From the results, adding MoDTC into a fully formulated oil increases
the wear coefficient and average wear scar width. Recent research also
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agrees with this statement [35]. The authors found that wear generated
when using a 0 W-20 engine oil with 250 ppm of Mo in the form of
MoDTC produces a 48% increase compared to the same fully formulated
engine oil without MoDTC present. Again, this can be explained by
additive competitive absorption between ZDDP and MoDTC. Other
research into the anti-wear performance of organomolybdenum com-
pounds as lubricant additives found that when testing 15 W-30 engine
oils, the addition of MoDTC did not improve the wear performance [42].
Therefore, regardless of oil viscosity, adding MoDTC into a fully
formulated oil increases the wear and decreases the anti-wear properties
of the oil. However, it must be noted that the new wear generated from
adding MoDTC into the formulated oils is still low. As a system, the
addition of ~ 350 ppm’s ability to keep low friction and low wear out-
weighs the lower wear observed with no MoDTC with higher friction.
Increasing the Mo concentration from 350 to 1000 ppm displays a
slight decrease in wear generated. However, in real-world applications
such as the ICE, the difference in wear between the two Mo concentra-
tions is negligible. Therefore, increasing the Mo concentration by
~ 180% and not negatively impacting the wear is positive. In theory,
increasing the Mo concentration much higher than 1000 ppm could
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Fig. 3-12. (a) Wear coefficients and (b) average wear scar width from optical microscope images.

negatively impact the wear, preventing ZDDP formation.
4. Conclusions
This paper has investigated the optimization of Mo concentration in

new ultra-low fully formulated fresh engine oils. The resulting conclu-
sions drawn from this research paper are;.

The critical Mo concentration for new ultra-low engine oil in this
research is between 180 and 350 ppm in fresh engine oil.

Mo concentrations > 350 ppm up to 1000 ppm do not negatively
impact the friction or wear of the tribo-contact. However, concen-
trations much higher than 1000 ppm could potentially result in
negative wear data.

Increasing the Mo concentration within fully formulated oil de-
creases the induction time to a steady-state friction value of ~ 0.04,
which increases the MoS; layer thickness in the ZDDP dominant
tribofilm in the beginning stages of film formation.

The rate of formation and removal of MoSs within a ZDDP dominant
tribofilm is highly dependent on Mo concentration, and the forma-
tion rate becomes more significant with increased Mo concentration.
Increasing the Mo concentration increases the total intensity counts
of MoS, within the tribofilm. However, once a threshold concen-
tration is reached, in this study, 500 ppm, the value does not
significantly change, suggesting MoS, layer thickness has a
threshold.

Optical film thickness decreases significantly with the addition of
MoDTC. However, increasing the Mo concentration greater than the
critical concentration does not change the tribofilm steady-state
value.

e Adding MoDTC into a fully formulated oil increases the wear
generated due to competitive surface absorption. However,
increasing the Mo concentration greater than the critical concen-
tration does not negatively impact the wear generated, and the dif-
ferences are negligible.
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