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1. Introduction
Since the earliest developments of human history,
friction has been a major issue. From the invention of
the wheel and the use of the first lubricants to the
studies of coated and microtexturized surfaces,
significant effort has been put on improvements that
could overcome the resistance to motion. A review by
Holmberg, Andersson and Erdemir [1] shows that, in an
average passenger car, about one third of the total
energy consumption is due to friction losses. Of these,
another one third is consumed in the engine system.
The optimization of the lubricating oil formulation
used in internal combustion engines is an important way
to reduce friction, therefore improving energetic
efficiency and controlling emissions. Lubrication is also
a way to assure the required protection to the system by
maintaining wear rates in an adequate level, which helps
to minimize maintenance costs.
Lubrication is a complex phenomenon in which the
contact force between two surfaces in relative motion
against each other is supported, at least partially, by an
interfacial layer. When there is complete separation
between the surfaces and virtually no plastic
deformation on them, the lubrication is said
hydrodynamic. In the opposite extreme, when high
pressures lead to lack of effective lubrication, there is
maximum surface-surface contact and deformation
occurs. It is said that this is the case of boundary
lubrication. An intermediary regime, in which the load
is supported both by surface asperities and by the fluid,
is called mixed-film lubrication. The well-known
Stribeck curve characterizes the typical frictional
behaviour in each of these regimes as dependent on
viscosity, velocity and load. [2,3]
The engine oil is a blend of selected base oils with
additives, as shown in Figure 1. Usually the base oils
are constituted mainly of hydrocarbons. The additives,
each one with a specific function, can be divided in two
groups: those whose action occurs in the bulk of the
composition and those whose action involves surface
mechanisms. Among these are the friction modifiers,
compounds that can adhere to metal surfaces, thus
providing enhanced lubricating properties at mixed and
boundary conditions. [4] Several other compounds also
play a role in this phenomenon by direct interaction
with the metal (surface competition), by reacting with
the additive present in the bulk oil or by interfering with
the formed film, either changing its equilibrium or

	
  

kinetics.
Molybdenum dialkyldithiocarbamates (MoDTC) are
amongst the most important friction reducing additives
used in lubricating oils [4,5,6,7]. It is believed that
MoDTC can decompose when in contact with hot metal
surfaces, producing low friction films [8]. These films
are composed mainly of tiny crystals of molybdenum
disulphide (MoS2) [4], which is a well-known
friction-reducing compound. In this context, the
phenomenon of forming a protective layer from the
decomposition of the original molecule is called the
MoDTC activation.
Synthetic esters may be used as base oils in some
lubricating formulations [9,10]. Since esters are more
polar than hydrocarbons, these molecules can act
modifying the film properties in the near-surface region
[11]. They can also interfere with adsorbed or
chemisorbed films, changing their effectiveness. The
role of MoDTC in the presence of ester base oils is not
well documented in the literature, however.
This paper compares the lubrication effect of
MoDTC in a polyalphaolefinic base oil (PAO) and in
synthetic ester (SE).

Figure 1. Typical components of lubricating oil.
2. Materials and methods
Tribological tests were performed in an Optimol
SRV reciprocating machine using ball-on-disc
configuration. Ball specimens were made of AISI 52100
steel with 700 HV30 and disc specimens were made of
AISI H13 steel with 610 HV30. Tests were performed at
50 Hz with a 2 mm stroke length.
The lubricating oil formulations comprised different
amounts of two base oils (a polyalphaolefin and a
synthetic ester) and a MoDTC-based friction modifier.
The base oils were chosen to have similar viscosities
(7.3 mPas for the PAO and 7.1 mPas for the ester, when
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measured at 80 °C) so the effect of this variable is
minimised in the present study. Lubrication was made
adding about 0.3 mL of oil to the disc surface. The
formulations used in the work are presented in Table 1.
There were made five tests at each condition using each
lubricant; the average standard deviation of the
coefficient of friction was 0.005 for the oils with no
MoDTC and 0.010 for the MoDTC-containing oils.
The effects of temperature (in the range from 80 to
120 °C) and load (in the range from 50 to 500 N) were
investigated. Although the reciprocating machine works
with variable speed, and thus the exact point in the
Stribeck curve is time-dependant within each oscillation
cycle, the tested conditions are sufficiently hard to lie
predominantly in the boundary regime. As a result of
this, Figure 2, which depicts typical friction values
together   with   the   specimens’   relative   position along a
few cycles, shows reasonably steady values.
The coefficient of friction and the wear rate were
measured to determine the tribological performance of
the studied systems. For the purpose of this work, wear
is considered to be the combined disc and ball depth of
scar, measured by the relative displacement of the test
probe.
Table 1 Oil formulations comprised in this study.
MoDTC
Identification
PAO
SE
(%)
(%)
(%)
H100-E0-M0
100.0
0.0
0.0
H90-E10-M0
90.0
10.0
0.0
H80-E20-M0
80.0
20.0
0.0
H0-E100-M0
0.0
100.0
0.0
H99-E0-M1
99.0
0.0
1.0
H94.2-E4.8-M1
94.2
4.8
1.0
H89.5-E9.5-M1
89.5
9.5
1.0

Figure 2. Typical friction raw data obtained with the
SRV reciprocating machine.
3. Results and discussion
Figure 3 shows typical results for coefficient of
friction of different mixtures of PAO and synthetic ester
at 80 °C and 150 N. Furthermore, Figure 4 shows the
maximum supported load for each of these mixtures at
80 °C and at 120 °C. The maximum supported load was
determined after series of independent tests and is

defined as the highest load at which no seizure occurs.
For the purpose of this study, seizure is indicated by a
sharp rise in the coefficient of friction of over 0.2 for
over 20 s [12].
The presence of ester improved the load-carrying
capacity of the formulations, raising the limit load at
which seizure occurs. This result can be of practical
interest for extreme-pressure formulations. At 10% and
20%, the ester also provided a somewhat lower
coefficient of friction when compared to the pure PAO:
ester molecules have a more polar behaviour than PAO
and thus tend to be more effective as boundary
lubricants. Nevertheless, in the case in which pure ester
was employed, a somewhat high, unsteady, rising
coefficient of friction was obtained. This can be
explained by the relatively poor thermal stability of the
ester: actually, at the end of the tests with pure ester the
lubricant has dark appearance, characteristic smell and
high acidity (>2 mg KOH/g), which are all evidences of
thermo-oxidative degradation.
Next step of the work was the testing of
formulations including a MoDTC-based additive. The
friction results obtained with the additive are shown in
Figure 5 (friction at selected normal loads and 80 °C)
and in Figure 6 (friction of formulations with different
ester contents at 80 °C and 50 N). Tests with
MoDTC-containing oils were characterised by two
phenomena: activation and depletion of the additive.
Activation, as regarded in literature [4], is due to the
decomposition of the MoDTC molecules resulting in
molybdenum bisulfide. Depletion occurs after a varying
test period and may be related to additive degradation
by repeated rubbing of the surface, thus being a
mechanically induced phenomenon. In the tested
conditions, there was a reasonably steady coefficient of
friction on the absence of friction modifier. 1% of
MoDTC-based compound was added and its activation
is seen as a sharp drop in coefficient of friction. The
friction reducing effect lasts longer at lower loads.
Interestingly, the ester content of the formulation has
a significant influence on the friction reducing
behaviour of the additive. While MoDTC is effective
during the entire test period in the absence of ester, the
low friction regime cannot be maintained when as low
as 4.8% of ester is present. In this case, a gradual rising
in coefficient of friction is observed. The rising occurs
faster when the ester concentration is increased; after
about one hour, the coefficient of friction reaches values
comparable to the ones of formulations containing no
MoDTC at all. It is a striking result the fact that the
activation is an abrupt phenomenon, but the depletion
can be quite smooth at lower loads and lower ester
concentrations.
Polyalphaolefins, since they are nonpolar molecules
that perform only weak chemical interactions with the
steel surface and with the interfacial films, do not have
significant effect on boundary regime mechanisms.
On the other side, it is believed that the synthetic
ester, being more polar than the PAO, is more prone to
concentrate in the surroundings of metal surfaces [6],
thus interfering in additive film formation and stability.
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Figure 3. Coefficient of friction of different mixtures of
PAO and SE at 80 °C and 150 N.

Also, it is known that the ester molecules are thermally
less stable than the polyalphaolefins and they generate
hydroperoxides and carboxylic acids as degradation
products [3], which are even more polar than the ester
itself. It is likely that these molecules contribute to limit
the effectiveness of the MoDTC additive.
The wear rate is also influenced by the composition
of the formulations. Figure 7 shows the steady state
wear rate for four PAO and SE formulations, while the
results for MoDTC-containing oils are shown in Figure
8. As an overall result, the wear rates were small, not far
from the magnitude of the standard deviation of the
measurements. Being so, the differences cannot be
proved as significant, although the pure ester seems to
lead to a slightly higher wear, what can be due to a more
intense corrosive surface attack. Some slightly rising in
wear rate may be seen when the normal load is
increased, but it is also not significant. The raising of
wear rate is not proportional to load, what is not
surprising given the test configuration – ball-on-disc,
varying contact pressure, wear rate measured in terms of
the depth of scar.

Figure 4. Maximum no-seizure load for different
mixtures of PAO and SE.

Figure 7. Average wear rate over steady state of PAO
and SE formulations. Confidence intervals are
indicated.

Figure 5. Tribological tests at 120 °C with a blend of
PAO (90%) and SE (10%).

Figure 8. Average wear rate of MoDTC-containing
formulations. Confidence intervals are indicated.

Figure 6. Coefficient of friction for different lubricant
formulations at 80 °C and 50 N.

Strictly
speaking,
wear
data
from
MoDTC-containing formulations could not be proved
dependent on temperature, normal load nor ester content.
Wear rate of these formulations were extremely low in
the test periods where additive activation was identified,
what occurred particularly at lower loads and at no-ester
formulations. The MoDTC activation seems to
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contribute to prevent the wear of the steel surfaces.
4. Conclusions
Lubricant
oil
formulations
comprising
a
polyalphaolefin, a synthetic ester and a MoDTC-based
additive were tested over reciprocating conditions in
mainly boundary regime. Most significant effects were
found to be due of the oil composition.
In the absence of additives, the load-carrying
capacity of the lubricant was increased with the use of
ester in the formulations. The coefficient of friction also
was reduced with the presence of up to 20% of ester,
what is explained by stronger chemical interactions of
the ester and the steel surfaces comparing to PAO and
steel interactions. Chemical structure of the ester is of a
more polar nature than PAO’s. Nevertheless, the use of
pure ester as lubricant led to thermo-oxidative
degradation of the oil and consequent rising of
coefficient of friction.
MoDTC-containing formulations had an activation
mechanism, which was apparent as a sharp drop in
coefficient of friction. However, this was not always
sustainable: in most of the conditions, the activation was
followed by a period of depletion in which a raising of
the coefficient of friction was observed. The depletion
occurs more rapidly at higher loads, as if the more
intense rubbing of surfaces allows more energy into the
system, leading to desorption of the friction-reducing
species. The increase of ester concentration in the
formulation was another factor that played a role in the
phenomenon. The synthetic ester, as well as its polar
degradation products, would tend to interact in the
near-surface region, interfering with the stability of the
formed films. It was observed that the depletion of
MoDTC occurs more rapidly when higher amounts of
ester were present. This depletion due to ester
interference was not sharp, but occurred often as a
gradual rising in coefficient of friction.
Wear rates measured as changes in the depth of scar
were small, generally in the order of 10 m/h The wear
rates being small, temperature and even normal load
were not proved to have significant impact on wear
behaviour when the lubricant was free of additives. In
spite of the low wear in the absence of MoDTC, the
presence of MoDTC seems to reduce even more the
wear rates during the time in which it is active at the
surfaces.
The test conditions studied in the present work
illustrate the problem of formulating a high performance
lubricating oil in which both synergistic and
antagonistic effects may be present. Although controlled
amounts of ester can improve the lubricant performance
of the oil, they can also prevent the proper activity of
the friction modifier additive under boundary regime.
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Summary
Lubricant oil can be regarded as a complex mixture of base oils and additives, each one with its specific functions and
behaviour. In this paper, it is investigated the interaction of a MoDTC-based additive and combinations of three base
oils: a polyalphaolefin, a mineral oil and a synthetic ester. A reciprocating ball-on-disc configuration was used for
tribological tests, which were performed predominantly in boundary regime. In the absence of additive, the use of
mineral oil or up to 20% of ester provided lower friction than that obtained with the pure polyalphaolephin. When
MoDTC is present and active, its effect is seen as a sharp drop in the coefficient of friction. The base fluids affect this
friction reduction: the effect is more intense and lasts longer with the polyalphaolefin than with the mineral oil. The
increase in ester content and in the applied normal force are also factors that reduce MoDTC friction-reducing effect.

1 Introduction
The search for new developments in order to minimise
friction and wear in vehicle components is a major
issue for tribologists. It is pointed out by Holmberg,
Andersson and Erdemir [1] that, in an average
passenger car, about one third of the total energy
consumption is due to friction losses (Fig. 1). Of these,
some one third is consumed in the engine and another
one third in the transmission system. These data
indicate the significance that reducing friction has on
automobile performance. Lower friction losses allow
improvements on engine useful power and on fuel
economy. Furthermore, the reduction of wear allows
better life cycle balance and lower maintenance costs.
Lubrication – the phenomena in which a interfacial
layer with relatively low shear rate is interposed
between sliding surfaces and aids to support, at least
partially, the contact forces – is an important way to
reduce friction and wear. Different lubrication regimes
are described in the literature and may be related to the
well-known Stribeck curve [2,3,4]. When there is
complete separation between the surfaces and virtually

	
  

no plastic deformation on them, the lubrication is said
hydrodynamic. In the opposite extreme, when high
pressures lead to lack of effective lubrication, there is
maximum surface-surface contact and deformation
occurs. It is said that this is the case of boundary
lubrication. An intermediary regime, in which the load
is supported both by surface asperities and by the fluid,
is called mixed-film lubrication. One common way of
characterizing the lubrication regime is through the
dimensionless film parameter lambda, the ratio of the
minimum film thickness to the composite surface
roughness of the surfaces. It can be estimated using
Hamrock
and
Dowson
equation
for
elastohydrodynamic point contact [2,5]. values of less
than 1 usually correspond to boundary regime, while
values above 3 to 5 are regarded to indicate
hydrodynamic lubrication [2,6].
The engine oil is a blend of selected base oils with
additives, as shown in Fig. 2. In most applications, the
base oils are constituted mainly of hydrocarbons, either
from mineral or synthetic origin. The additives, each
one with a specific function, can be divided in two
groups: those whose action occurs in the bulk of the
composition and those whose action involves surface
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mechanisms. Among these are the friction modifiers,
compounds that can adhere to metal surfaces, thus
providing enhanced lubricating properties at mixed and
boundary conditions. [7] Several other compounds also
play a role in this phenomenon by direct interaction
with the metal (surface competition), by reacting with
the additive present in the bulk oil or by interfering
with the formed film, either changing its equilibrium or
kinetics.

nitrogenated molecules. Technical and environmental
concerns are pushing up the use of synthetic basestocks
in top tier lubricant formulations. Polyalphaolefins are
an important class of synthetic basestocks and their
typical isoparaffinic structure is depicted in Fig. 4b.
Synthetic esters may be used as base oils in some
lubricating formulations [11,12]. A polyol ester
molecule is shown in Fig. 4c. It can be compared with
the polyalphaolefin. The ester structure contains
carbon-oxygen bonds, while the polyalphaolefin lacks
any heteroatoms. Since esters are somewhat more polar
than hydrocarbons, these molecules can act modifying
the film properties in the near-surface region, as
observed by Guangteng and Spikes [13] in
investigations on the elastohydrodynamic lubrication.
The ester can also interfere with adsorbed or
chemisorbed films, changing their effectiveness.
However, although some work have been made
regarding the use of ester-based lubricants [14], the role
of MoDTC in the presence of ester base oils is not so
well documented in the literature.

Figure 1: Breakdown of average passenger car energy
consumption [1].
Figure 3: Molecular structure of a MoDTC dimer.

Figure 2: Typical components of lubricating oil.
Molybdenum dialkyldithiocarbamates (MoDTC) are
amongst the most important friction reducing additives
used in lubricating oils [5,7,8,9]. These compounds
exist in a variety of molecular arrangements; a dimer
structure is represented in Fig. 3. The hydrocarbonic
chains of the structure aid the solubility in oil, while the
Mo-S core is responsible for the superficial activity of
the additive. It is believed that MoDTC can decompose
when in contact with hot metal surfaces, producing low
friction films [7,10]. These films are composed mainly
of tiny molybdenum disulfide (MoS2) crystals [7],
which is a well-known friction-reducing compound. In
this context, the phenomenon of forming a protective
layer from the decomposition of the original molecule
is called the MoDTC activation.
Paraffinic mineral oils are the most widely used
basestocks for lubricant formulations [3]. These are
composed of a wide variety of hydrocarbonic
molecules, possibly comprising paraffinic chains,
naphthenic and aromatic rings, as illustrated in Fig. 4a.
Furthermore, mineral oils can have some sulfurated and

	
  

(a)

(b)

(c)
Figure 4: Typical molecular structures of some base
oils: (a) a mineral oil; (b) a polyalphaolefin (PAO); (c)
a polyol ester.
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This paper focuses on the friction reduction effect of
MoDTC in the presence of different base oils: a
mineral oil (MO), a polyalphaolefin (PAO) and a
synthetic ester (SE).
2 Materials and methods
An Optimol SRV-4 reciprocating machine using ballon-disc configuration (Fig. 5) was employed for the
tribological tests. The tests followed ASTM D 6425
with some modifications on test conditions. Ball
specimens were made of AISI 52100 steel with
700 HV30 and disc specimens were made of AISI H13
steel with 610 HV30. Tests were performed at 50 Hz
with a 2 mm stroke length, which corresponds to a
maximum speed of about 0.31 m/s. The temperature
was set to 80 °C in most of the cases. Some additional
tests were also made at 120 °C.

conditions are sufficiently hard to lie predominantly in
the boundary regime. The dimensionless film parameter
lambda, the ratio of the minimum film thickness to the
composite surface roughness of the surfaces, was
calculated using Hamrock and Dowson equation [2].
The initial lambda ratio was less than 0.02 for all tested
conditions.
Table 1
Viscosity at 80°C of the base oils comprised in this
study: mineral oil (MO), polyalphaolefin (PAO) and
synthetic ester (SE).
2

Kinematic viscosity (mm /s)
Dynamic viscosity (mPas)

MO
8,14
6,80

The lubricating oil formulations comprised different
amounts of each oil (a mineral oil, a polyalphaolefin
and a synthetic ester) and a MoDTC-based friction
modifier. The base oils were chosen to have dynamic
viscosities as close to each other as possible in order to
minimise the effect of this variable in the present study.
The kinematic and the dynamic viscosities of the base
oils at the work temperature are shown in Table 1. The
formulations used in the work are presented in Table 2.
There were made five tests at each condition using each
lubricant; the average standard deviation of the
coefficient of friction was 0.005 for the oils with no
MoDTC and 0.010 for the MoDTC-containing oils.
The effect of the normal load was investigated at levels
from 50 N to 250 N. The correspondent initial Hertzian
pressures varied from 1730 to 2950 MPa. Although the
reciprocating machine works with variable speed, and
thus the exact point in the Stribeck curve is timedependant within each oscillation cycle, the tested

	
  

SE
8,08
7,10

Table 2
Oil formulations comprised in this study.
Identification
MO
PAO
SE
(%)
(%) (%)
H100-E0-M0
0
100
0
H90-E10-M0
0
90
10
H80-E20-M0
0
80
20
H0-E100-M0
0
0 100
H99-E0-M1
0
99
0
H94.2-E4.8-M1
0
94.2
4.8
H89.5-E9.5-M1
0
89.5
9.5
N100-E0-M0
100
0
0
N99-E0-M1
99
0
0

Figure 5: SRV tribometer scheme: (1) receiving block;
(2) piezoelectric measuring device; (3) test disc holder;
(4) electrical resistance heater; (5) resistance
thermometer; (6) oscillation drive rod; (7) test ball
holder; (8) load rod; (9) test disc; (10) test ball [15].

PAO
9,24
7,28

MoDTC
(%)
0
0
0
0
1
1
1
0
1

The coefficient of friction was measured to determine
the tribological performance of the studied systems.
Surface analysis of the test discs was done after the
rubbing by scanning with a Horiba Raman
spectrometer.

3 Results
3.1 PAO and ester formulations
The coefficient of friction obtained with the PAO and
the synthetic ester, as well as with formulations
comprising different proportions of then, was measured
in the reciprocating tests. Results corresponding to a
50 N load are shown in the graphic of Fig. 6. The same
formulations were also tested under load of 150 N and
the results can be seen in Fig. 7.
The presence of ester at 10 % and 20% provided a
somewhat lower coefficient of friction when compared
to the pure PAO. Nevertheless, in the cases in which
pure ester was employed, a quite high, unsteady, rising
coefficient of friction was obtained.
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lasted longer at lower loads.

Figure 6: Coefficient of friction of different mixtures of
PAO and SE at 80° C and 50 N.
Figure 8: Tribological tests at 80°C with a blend of
PAO (90%) and SE (10%).

Figure 7: Coefficient of friction of different mixtures of
PAO and SE at 80° C and 150 N.

Figure 9: Tribological tests at 120°C with a blend of
PAO (90%) and SE (10%).

3.2. PAO, ester and MoDTC formulations
Oil formulations with about 90% of PAO and 10% of
ester with (H89.5-E9.5-1) and without (H99-E10-M0)
the additive were tested under variable normal load, the
results being depicted in Fig. 8. These tests were also
repeated at a higher temperature (120 °C), as shown in
Fig. 9.
Formulations with 1% of the MoDTC-based additive in
variable amounts of PAO and ester were prepared and
submitted to the reciprocating test. The friction results
obtained are shown in Fig. 10 (50 N and 80° C) and
Fig. 11 (150 N and 80 °C).
Tests with MoDTC-containing oils were characterised
by the phenomena of activation and depletion of the
additive. The literature [6] regards activation as due to
the decomposition of the MoDTC molecules resulting
in molybdenum bisulfide. Depletion occurs after a
varying test period and is said to be related to additive
degradation by repeated rubbing of the surface, thus
being a mechanically induced phenomenon, or by
oxidative degradation of MoDTC in bulk solution [16].
In the tested conditions, there was a reasonably steady
coefficient of friction on the absence of friction
modifier. When 1% of MoDTC-based compound was
added, its activation is seen as a sharp drop in
coefficient of friction. The friction reducing effect

	
  

Figure 10: Coefficient of friction for different lubricant
formulations at 80° C and 50 N.

Figure 11: Coefficient of friction for different lubricant
formulations at 80° C and 150 N.
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3.3 Mineral oil and MoDTC formulations
The mineral oil was tested in natura and with the
addition of 1% of the MoDTC-based additive, both
under 50 N and 150 N loads. The results were
compared with similar tests made with the
polyalphaolefinic base oil in Fig. 12 and Fig. 13.
The pure mineral oil provided a reduction in the
coefficient of friction when compared to the PAO.
However, the friction reducing effect of MoDTC in the
presence of mineral oil was far less pronounced,
although still apparent.

The scanned discs also showed peaks at 229 cm-1,
500 cm-1 and 672 cm-1, that can be assigned to the
presence of iron oxides in both Fe+2 and Fe+3 states
[18]. Nevertheless, the iron oxides peaks are less
intense than the MoS2 ones.
A picture of the wear scar obtained after rubbing the
disc surface in the test conditions of this work with the
presence of an additivated oil is shown in Fig. 14.

Figure 14: Typical disc wear scar for reciprocating test
with H99-E0-M1 under 50 N. Sliding direction is
indicated.
Figure 12: Coefficient of friction for different lubricant
formulations at 80° C and 50 N.

Figure 13: Coefficient of friction for different lubricant
formulations at 80° C and 150 N.
3.4 Surface analysis
Four discs were taken from tests in which the
coefficient of friction attained low values (bellow 0.10)
and four other discs were taken from tests in which the
coefficient of friction remained relatively high (about
0.15). These specimens were analysed through Raman
spectroscopy using a 532 nm beam laser.
MoS2 was found inside the track of all four discs taken
from low friction tests. MoS2 is identified by its
characteristics peaks at about 383 cm-1 and 408 cm-1
[17]. In contrast, no MoS2 was found outside the
sliding track neither in any point of the discs from high
friction tests.

	
  

4. Discussion
Ester molecules have a more polar behaviour than PAO
and thus tend to be more effective as boundary
lubricants. This is apparent on the results obtained with
non-MoDTC oils. The effect in this case is clearly not
due to viscosity, but rather to boundary interactions.
This can be seen as an interesting extrapolation of the
work of Guangteng and Spikes [13], who observed a
relationship between the viscosity of the ester and the
coefficient of friction of oil mixtures in
elastohydrodynamic regime.
The unsteady and rising coefficient of friction obtained
in tests with pure ester can be explained by the
relatively poor thermal stability of the ester. In fact, at
the end of these tests, the lubricant has dark
appearance, characteristic smell and high acidity
(above 2 mg KOH/g), which are all evidences of
thermo-oxidative degradation.
In most of the tested conditions, there was no striking
difference between the friction values under 50 N and
under 150 N. This fact is in line with the boundary
regime assumption. However, the normal load has a
significant impact on the MoDTC effectiveness, as can
be seen in Fig 8 and Fig. 9. The increase in the load
contributes for the occurrence of the additive depletion
and this effect is more pronounced at 80°C than at
120°C.
It is interesting to note that the ester content of the
formulation has a significant influence on the friction
reducing behaviour of the additive. While in the
absence of ester, the MoDTC is effective during the
entire test period (coefficient of friction of about 0.07
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at both 50 N and 150 N). However, the low friction
behaviour cannot be maintained when as low as 4.8 %
of ester is present. In this case, a gradual rising in
coefficient of friction is observed. The rising occurs
faster when the ester concentration is increased; after
about one hour, the coefficient of friction reaches
values comparable to the ones of formulations
containing no MoDTC at all. It can also be noticed that,
while the activation is an abrupt phenomenon, the
depletion can be quite smooth, especially at lower ester
concentrations.
Polyalphaolefins, since they are nonpolar molecules
that perform only weak chemical interactions with the
steel surface and with the interfacial films, do not have
significant effect on boundary regime mechanisms. On
the other side, it is believed that the synthetic ester,
being more polar than the PAO, is more prone to
concentrate in the surroundings of metal surfaces [6],
thus interfering in additive film formation and stability.
Also, it is known that the ester molecules are thermally
less stable than the polyalphaolefins and they generate
hydroperoxides and carboxylic acids as degradation
products [3], which are even more polar than the ester
itself. It is likely that these molecules contribute to limit
the effectiveness of the MoDTC additive.
The mineral oil has a behaviour quite similar to that of
the synthetic ester. It allows a reduction in the
coefficient of friction of about 0.01 regarding to the
PAO, what can be again an effect of polarity, and
particularly related to the sulfurated molecules present
in the mineral oil. On the other hand, the mineral oil
affects the effectiveness of MoDTC, preventing the
system of attaining low values of coefficient of friction.
A surface competition between molecules from the
mineral oil and the additive is likely to take place in
this case.

coefficient of friction. However, this was not always
sustainable: in the presence of mineral oil or ester, the
activation was followed by a period of depletion in
which a raising of the coefficient of friction was
observed. The depletion occurs more rapidly at higher
loads, as if the more intense rubbing of surfaces allows
more energy into the system, leading to desorption of
the friction-reducing species. The increase of ester
concentration in the formulation was another factor that
played a role in the phenomenon. The synthetic ester,
as well as its polar degradation products, would tend to
interact in the near-surface region, interfering with the
stability of the formed films. It was observed that the
depletion of MoDTC occurs more rapidly when higher
amounts of ester were present. This depletion due to
ester or mineral oil interference was not sharp, but
occurred often as a gradual rising in coefficient of
friction.
MoS2 was found inside the sliding track in the cases in
with low coefficient of friction was attained, confirming
the hypothesis that it play a role in the additive
mechanism. The MoS2 must come from MoDTC
decomposition. This decomposition may be related to
rubbing, since no MoS2 was found outside the track.
The test conditions studied in the present work
illustrate the problem of formulating a high
performance lubricating oil in which both synergistic
and antagonistic effects may be present. Although the
use of mineral oil and of controlled amounts of ester
can improve the lubricant performance of the oil, they
can also prevent the proper activity of the friction
modifier additive under boundary regime.
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