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Abstract: Fuel and water contents are inevitable in automotive engine oils. This study intends
to investigate the impact of the addition of gasoline (3–20%) and water (1%) on the lubricating
performance of synthetic base oil (PAO), with or without an anti-wear additive (ZDDP), for a
steel-cast iron contact. Fuel-added PAO showed an increase in the load carrying capacity. Oil electrical
conductivity and total acid number (TAN) measurements showed slightly increased conductivity
and marginally increased acidity at a higher fuel concentration. In contrast, an increased wear
rate, proportional to the fuel concentration, was observed in a prolonged test with constant-loading.
Results suggested that the fuel addition is a double-edged sword: reducing the scuffing risk by
providing stronger surface adsorption and increasing the sliding wear rate by bringing down the
oil viscosity. The PAO-water blend formed an emulsion and resulted in a significantly increased
load-carrying capacity, again likely due to the higher polarity and possibly acidity. For the
ZDDP-containing PAO, the addition of 1% water and 3% fuel generated 24% and 52% higher wear.
The phosphate polymerization level was reduced on the worn surfaces by the introduction of water
but the thickness of ZDDP tribofilm was not significantly affected.
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1. Introduction

Proper lubrication is essential for the performance and longevity of automotive engines; however,
contaminants persistently exist in engine oils and result in changes of the oil viscosity and possible
chemical changes of the additives. The two most common contaminants in engine oils are fuel and
water. Unburned fuel is deposited on the cylinder wall, leaking past through the interface with the
piston ring and into the crankcase. It has been reported that the fuel content can be as high as 9% in
turbocharged gasoline direct injection (TGDI) engines, which consequently resulted in a 30% reduction
in the oil viscosity [1]. The fuel concentration at the interface between the piston ring and cylinder
wall near the combustion chamber could be much higher than that in the oil sump. By using a gas
chromatography and a mass spectrometry, as much as 21.9% fuel was found in the engine oil at the
top ring reversal zone after one-hour engine operation [2].

As to the impact of the fuel dilution on the engine oil lubricity, there is a lack of consensus
in the literature. Ajayi et al. reported that the fuel content reached 6% in certain marine engine
operating conditions with a start-and-stop cycle protocol; however, the fuel-diluted engine oil showed
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a minimal effect on friction and an inconclusive impact on wear, compared with fresh oil. In contrast,
the load-carrying capacity was reported to be lowered by the fuel content with the hypothesis that
the effectiveness of extreme pressure additives in the engine oil was reduced [3]. In another study,
when 6% gasoline was added to an SAE 5W-50 engine oil, friction and wear were increased by 3–16%
and 2–10%, respectively, under various loading conditions [4]. Song et al. reported that the addition of
15% diesel fuel significantly reduced the engine oil viscosity but did not cause any noticeable wear on
a 2700 cc, 5 cylinder engine [5]. The impact of fuel content in a fully formulated engine oil was largely
affected by the chemistry of oil additives. This study intended to separate the impacts of fuel on the
base oil and an anti-wear additive.

Water vapor is produced during the combustion process. At a high engine temperature, water
vapor exits through the exhaust; at a lower engine temperature water vapor condenses on the cylinder
wall and mixes with the engine oil. The water content in the oil sump could be as high as 1%.
The involvement of water in lubrication has long been studied. It was argued that water might influence
friction and wear through modifying the lubricant/additive adsorption during boundary lubrication,
disturbing the chemistry and structure of tribofilms and causing pitting on rolling elements [6]. Results
are mixed for the effects of water on friction and wear, largely depending on testing conditions and
contacting materials. Cai et al. showed that the addition of 1% water to a base oil increased the
wear and friction of a steel–steel contact [7]. Fatima et al. reported the presence of water in a fully
formulated automatic transmission fluid caused an increase in friction in a short period of time but a
friction reduction over a longer term [8]. Interestingly, the wear of cast iron was reported to decrease
with the increase of water content in polyalkylene glycol and polyolester oils [9]. The interaction
between water and zinc dialkyldithiophosphate (ZDDP) and the impact on lubrication were reported
in literature [10,11]. One study suggested that water might accelerate the decomposition of ZDDP
through hydrolysis to supply more decomposed ZDDP products that are essential for the tribofilm
buildup [12], while another study showed that water might inhibit the tribofilm growth by interfering
with the ZDDP surface adsorption [13]. Costa et al. showed that ethanol reduced the thickness of
ZDDP tribofilm significantly, while the combination of water and ethanol decreased the tribofilm
adherence [14]. Parsaeian et al. applied controlled temperature and humidity on a steel-steel contact
lubricated by a poly-alpha-olefin (PAO) base oil with 0.8% ZDDP. The increased humidity resulted
in an increased wear that was attributed to the tribocorrosion from water [15]. The research of water
in a base oil with ZDDP has usually been explored at an elevated temperature between 70 ◦C and
100 ◦C, there is a lack of attention on low temperatures when water condenses the most and forms an
emulsion in engines.

Here, we studied the impact of engine oil contaminants, fuel (3–20%) and water (1%), on the
lubricating behavior of a PAO base oil both with and without a secondary ZDDP (0.8%) at room
temperature, by comparing the wear and friction results. The load-carrying capacity of contaminated
base oil has also been analyzed. The oil acidity and electrical conductivity measurements were
performed to determine the anti-scuffing benefit from contaminants. Worn surface morphology and
composition were studied by using microscopy and spectroscopy. The understandings between base
oils and engine oil contaminants shed light on the fundamental mechanisms of their impact on engines.

2. Materials and Methods

A synthetic base oil, PAO 4 cSt (supplied by ExxonMobil Chemical, Houston, TX, USA) was
used in this study. D.I. water at 1 wt % and regular grade unleaded gasoline with an octane level of
87 without ethanol at 3, 6, or 20 wt % were used as contaminants. A secondary ZDDP (supplied by
Lubrizol, Wickliffe, OH, USA) was used as the anti-wear additive and the concentration was 0.8 wt %
(800 ppm phosphorus). All the blends were sonicated for 15 min before tests. Both gasoline and
ZDDP were fully dissolved in the base oil while an emulsion was formed when water was added.
The viscosity of the blends was measured using a Petrolab Minivis II (Grabner Instruments, Vienna,
Austria) viscometer at 23 ◦C. The total acid number (TAN) of the selected fluids was measured by using
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potentiometric titration following the ASTM standard D 664 (Method A). The electrical conductivity of
selected fluids was measured at room temperature and 40 ◦C using a Precision Conductivity Meter
(Model 1154, Emcee Electronics, Venice, FL, USA) following the procedure described in the ASTM
standard D 4308. The post-tested lubricants were collected after the 1000-m wear tests.

In the tribological testing, a 10-mm diameter AISI E52100 hardened steel ball (Ra: 0.025–0.05 µm)
was used to slide against a CL35 cast iron flat (2.54 cm by 2.54 cm, Ra: 0.08 µm) on a reciprocating
tribometer (Plint TE77, Phoenix Tribology, Berkshire, UK). The steel was the reciprocating upper piece,
while the cast iron flat was the stationary lower piece. The flats were polished using Buehler SiC
abrasive papers in a sequence of P280, P800, and P1200 with water. The flats and balls were cleaned by
using isopropyl alcohol before each test. The load-carrying tests were carried out starting at 20 N with
a 50 N/min increasing rate until a 200 N normal load was reached. The wear tests were performed
at 100 N for 1000 m. Each testing fluid was tested for 2–3 repeats. The sliding oscillation was 10 Hz
with a 10-mm stroke. All tests were conducted in an ambient environment at room temperature
(~23 ◦C), simulating the oil temperature at engine cold starts. The wear volumes were quantified
using an optical interferometer (Wyko NT9100, Bruker, Tucson, AZ, USA). The worn surfaces were
first examined using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) (Hitachi S4800 field-emission, Hitachi, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS)
surface chemical analysis was performed using a Thermo Scientific K-Alpha XPS system (Thermo
Fisher Scientific, Waltham, MA, USA) with the signal acquisition of 400 µm diameter spot on the wear
track. The core-level spectra were obtained after 30-s argon-ion sputtering (2.0 keV) of the sample
surface to remove any contamination or oil residual. The composition-depth profiling was achieved by
using ion sputtering.

3. Results

3.1. Impact of Fuel and Water Content in PAO in Load-Carrying Tests

The load-carrying capacity of the additized PAO has been investigated by using variable loading
tests. With the increase of the contact stress, the friction usually changes and serves as a good indicator
of the lubricant performance. For PAO base oil, the system friction passed 0.15 at 75.6 ± 3.0 N
(average ± SD), as shown in Figure 1. The addition of 3% fuel resulted in load carrying capacity of
77.7 ± 11.1 N for the COF passed 0.15. When the fuel concentration was increased to 20%, two out of
three repeats tolerated a higher load at 85 N and 104 N for COF of 0.15, with a third test showed no
signs of scuffing within the testing range. The discrepancies observed in the repeat tests for the PAO
containing 3% and 20% fuel are due to the nature of scuffing. Scuffing is determined by many dynamic
factors, for example, localized surface composition and roughness, transient asperity temperature and
wear debris involvement. As a result, scuffing is not a definite event for a given material-lubricant
system but a tendency (or probability): a better lubricated system would be less likely to scuff,
not never; and a poorer lubricated system would be more likely to scuffing, not always. Three repeats
from a statistical perspective are rather few (we wish we could run hundreds of repeats at each
condition but it is not practical) and thus observing some discrepancies in scuffing behavior among the
repeat tests is not surprising but well expected. Rather, what really matters is the trend that a higher
fuel content increases the load carrying capacity. 1% of water in PAO led to a significantly increased
loading tolerance such that the COF was lower than 0.09 throughout the testing range (20–200 N).
Either fuel or water could increase the load carrying capacity of the base oil that water required a low
concentration (1%) to be effective while fuel required a higher concentration (20% performed better
than that at 3%). The results shown here on the base oil should be distinguished with the findings
in the literature [3], where the contaminants reduced the load-carrying capacity of fully formulated
engine oils by impairing the functions of additives.
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Figure 1. Load-carrying tests of PAO, PAO-3%Fuel, PAO-20%Fuel and PAO-1%H2O. Colored lines
represent individual repeats.

3.2. Impact of Fuel and Water Content in PAO in Constant-Load Wear Testing

The viscosity of fuel was much lower than that of PAO and our measured values at room
temperature (23 ◦C) were 0.67 cSt for the fuel and 35.4 cSt for the PAO oil, respectively. As expected,
adding fuel into PAO significantly reduced oil viscosity. The viscosity of the oil-fuel blends was
measured to be 28.6, 23.2 and 9.5 cSt, respectively, for 3%, 6% and 20% fuel dilution. For a blend of two
mutually miscible fluids, the viscosity of the blend supposedly is a function of the specific viscosities
of each fluid and the blend ratio, as defined by the Refutas equation [16]. A simplified version for the
oil-fuel blend is shown in Equation (1). The calculated viscosities for the oil-fuel blends are compared
with the measured values in Figure 2a. The good agreement confirms the oil-fuel miscibility because
the viscosity of an emulsion does not follow the Refutas equation.

υblend = exp
(

exp
(

χoil ·ln(ln(υoil + 0.8)) + χ f uel ·ln
(

ln
(

υ f uel + 0.8
))))

− 0.8 (1)

where v is the kinematic viscosity in centistokes and Xoil and Xfuel represent the mass fractions of the
oil and fuel in the blend, respectively.

The lubricity of PAO base oil without and with fuel dilution was evaluated. Among the three
repeating tests of the neat PAO base oil, one test showed the COF elevated to above 0.2 at the onset,
indicating scuffing; while other two runs exhibited a relatively stable COF of 0.07–0.08 throughout
the tests, as shown in Figure 2b. In contrast, no scuffing was observed in any run of the three oil-fuel
blends, as shown in Figure 2c, which also supports the observation in the load-carrying tests. The COF
was around 0.07–0.08 at all three fuel concentrations, similar to that for the neat PAO without scuffing.
The wear rates of the cast iron flats are compared in Figure 2d (wear rates of the steel balls were two
orders of magnitude lower and thus was neglected here). The wear rates of individual test were shown
in Table S1. For the PAO base oil, the scuffed test had a wear rate >50× higher than the other two tests
without scuffing and thus is not presented in the chart. The wear rate of PAO-3%Fuel seemed similar
to that in the neat PAO without scuffing. With the increase of the fuel concentration from 3% to 6%
and then 20%, the wear rate increased proportionally, correlating well to the viscosity reduction.
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Figure 2. Rheological and tribological properties of PAO-fuel blends. (a) Viscosities of PAO-fuel blends;
(b) Friction behavior in the PAO base oil with colored lines represent individual repeats; (c) Friction
behavior of PAO-fuel blends, the averaged profiles of repeats are shown; (d) Wear rates of PAO and
PAO-fuel blends. Note: wear of a scuffed single test on PAO was not included.

The addition of 1% water to the PAO base oil resulted in an emulsion (after 15 min sonication),
which was relatively stable, as an observation over a period of 24 h was shown in Figure S1. Water in
lubricants is known to cause corrosion and cavitation problems. The friction behavior of the PAO-water
emulsion was rather random, as shown in Figure 3a. This may be due to the non-uniform distribution
of the water mini-droplets in the oil. The water content seemed to have an insignificant impact on
the wear rate compared with the non-scuffing cases of the neat PAO (Figure 3b). The cross-sectional
profiles of the wear tracks on cast iron are shown in Figure S2. Signs of corrosion (e.g., pitting) were
clearly observed outside the wear scar on the cast iron surface but not on the wear scar, where the
tribocorrosion products were promptly removed by mechanical rubbing under high contact stress.
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3.3. Impact of Fuel and Water Content on the Anti-Wear Effectiveness of ZDDP

The impact of fuel and water contents on the performance of ZDDP was also studied. Figure 4
compares the friction behavior and wear rate of the ZDDP additized PAO without and with fuel
(3%) or water (1%). The addition of ZDDP reduced the risk of scuffing failure for the PAO base
oil, similarly to our previous experience [17,18]. The inclusion of fuel or water in the lubricant had
little impact on the friction behavior but reduced the anti-wear effectiveness of ZDDP, as shown in
Figure 4. The cross-sectional profiles of the wear tracks on cast iron are shown in Figure S3. Surface
characterization revealed that the fuel and water content significantly affects the morphology and
composition of the tribofilm produced by ZDDP, as described below.
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3.4. Characterization of Tested Lubricants and Worn Surfaces

We measured the electrical conductivity and TAN of the oil-fuel blends. The electrical conductivity
of the neat PAO was below the instrument sensitivity (1 pS/m) at both room temperature (testing
condition) and 40 ◦C (assumed peak temperature). While no change was observed after adding 3% fuel,
the conductivity became measurable (~2 pS/m) at 40 ◦C when the fuel content was increased to 20%,
due to the higher conductivity of pure fuel than that of pure PAO. The TANs of pre-tested lubricants
were below the method sensitivity (0.1 mg KOH/g). After the wear tests, while the TAN of the used
PAO stayed below 0.1 mg KOH/g, the TANs of the used PAO-fuel blends marginally increased to 0.11
and 0.13 mg KOH/g for 3% and 20% fuel concentration, respectively. Due to the methods’ sensitivity,
the results were not as descriptive as hoped; however, both trends of the electrical conductivity
and TAN can be correlated with the increased oil acidity by adding fuel. These tentative trends
carry increased relevance in view of the increasing inclusion of polar oxygenated fuels derived from
renewable sources. Recent studies identify the role of oxygenates in more complex fuel degradation or
interaction chemistries beyond direct oxidation, including the accumulation of aqueous condensates
into cool spots in fuel and lubricant systems [19]. Even the slightest lubricant trend toward increased
polarity and acidity upon fuel mixing would be exacerbated in these new fuel systems.

Surface characterization using SEM, EDX and XPS was carried out on the wear tracks of cast
iron flats to further understand the impact of the fuel and water content in the oil. SEM images and
the EDS spectra of selected wear scars are shown in Figure 5. It seems that the worn surface became
smoother when the fuel concentration increased from 3% to 6% and then to 20%, which might be a
result of chemical-mechanical polishing at the contact interface promoted by the increasing oil acidity.
The ZDDP, as expected, produced a relatively rough surface with a tribofilm containing its signature
elements, Zn, P and S, as detected by using EDX. The O peak was significantly reduced, likely because
of the anti-oxidant functionality of ZDDP that reduced iron oxide formation the contact surfaces.
The addition of fuel and water evidently changed the morphology of the ZDDP-based tribofilm with
much smaller pad sizes.
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Figure 6 shows the XPS core-level spectra of C 1s, O 1s and Fe 2P3/2 on the cast iron worn surfaces
lubricated by PAO-1%H2O, PAO-ZDDP and PAO-ZDDP-1%H2O, obtained after 30 s iron sputtering.
There were three C 1s compounds identified based on the binding energy: a carbon group at 285 eV,
an alcohol group at 286.4 eV and a carboxylate group at 288.5 eV. For PAO-1%H2O, a stronger peak of
carboxylate group was recognized, compared to that of PAO-ZDDP and PAO-ZDDP-1%H2O. The O
1s peak was resolved into two separate peaks: metal oxides and others. Higher iron oxides content
has been detected on PAO-1%H2O lubricated surface, due to the lack of anti-wear additive. Between
531 eV and 532 eV, there is an energy overlapping of O 1s in hydroxides, phosphates and carbonates.
On the PAO-1%H2O lubricated surface, there were both hydroxides and carbonates, while phosphates
replaced them in ZDDP-involved lubrication. For Fe 2P3/2, there was mainly Fe (III) at 710.9 eV and
no major difference was noticed in the corresponding iron binding energy between worn surfaces.
The P 2p peak was at 133.7 eV and 133.3 eV for PAO-ZDDP and PAO-ZDDP-1%H2O, respectively.
The lowered binding energy of P for PAO-ZDDP-1%H2O stands for a lower degree of polymerization
of phosphate, which agrees with the results in the literature [13,20,21]. The main peak of S 2p was
positioned at 162.5 eV, indicating sulfide and the major peaks of Zn 2p around 1022.5 suggest Zn (II)
with the preference of ZnO and/or ZnS.
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Figure 5. Scanning electron microscopy (SEM) surface images and energy dispersive X-ray spectroscopy
(EDX) spectra of the cast iron worn surfaces. Scale bars represent 10 µm.

The composition-depth profiles of the worn surfaces lubricated by PAO-1%H2O, PAO-ZDDP
and PAO-ZDDP-1%H2O are shown in Figure 7. The atomic composition was plotted against the
ion sputtering time. The sputtering rate was calibrated to be roughly 10 nm/min. For PAO-1%H2O
lubricated surface, the O content was above 60%, indicating high oxide content in the surface film
and the O:Fe ratio surpassed 3. As shown in Figure 6, the iron mainly existed in the Fe (III) form.
Theoretically, O:Fe ratio in iron hydroxide (Fe(OH)3) and iron carbonate (Fe2(CO3)3) ranges from 3:1 to
4.5:1 that is much higher than that of iron oxide (1.5:1 in Fe2O3). Moreover, the iron hydroxides are
capable of enclosing water molecules in their structure and transforming to hydrates, FeO(OH)·xH2O,
that also contains a high O content. The carbon in PAO-ZDDP lubrication reached as high as 30%,
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which was greater than those in PAO-1%H2O and PAO-ZDDP-1%H2O. Carbon constituents in the
tribofilm are a critical part in the phosphate polymerization and the presence of water hindered the
polymerization process. For PAO-ZDDP-1%H2O, phosphorus content was only slightly reduced,
compared with PAO-ZDDP. The thickness of ZDDP tribofilm was not significantly altered by the
arrival of water.
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4. Discussion

It is interesting to observe the phenomenon that the fuel and water help mitigate scuffing to
some extents, as shown in the load-carrying tests. We hypothesize that the addition of fuel and
water increases the polarity of the lubricant and therefore improves the load carrying performance.
PAO has a complex branched structure and is produced by the polymerization of alpha olefins where
olefins were saturated with hydrogen. Due to the lack of polar functional groups, the interaction
(physical and chemical adsorptions) between the PAO oil molecules and the metal surface is rather
weak. Gasoline is a mixture of various hydrocarbons (linear/branched/cyclic hydrocarbons; aromatics,
olefins, etc.) plus some fuel additives, whose compositions may vary significantly depending on
the source of crude oils, the refinery process, as well as the formulations. Typically, the gasoline
contains approximately 20~40 vol % unsaturated hydrocarbons (aromatics and olefins) which are more
polar than saturated hydrocarbons. Fuel additives, such as anti-knock agents, anti-oxidants, metal
deactivators, anti-rust agents, anti-icing agents, detergents and so forth, are introduced to improve the
combustion performance and thermochemical stability of the gasoline. Although fuel additives treat
levels are generally low (0.035~0.35 wt %), most of these additives are polar such as alcohols, carboxylic
acids, amines and so forth, which have strong tendency to adsorb onto the metal surface. The oil
conductivity is supposed to be higher for a more polarized lubricant. Water is also more polar than
PAO, hence, water droplets absorb onto metal surface more effectively. Due to the short test duration
in the load-carrying the tests, the load carrying capacity is dominated by the strength of adsorption
film rather than the viscosity. Moreover, acidic or even di-ketone compounds could promote oxidation
or oxidative complexation of the surface areas in contact and the surface oxides reduce metal-metal
adhesion and thus prevent scuffing.

5. Conclusions

In summary, we investigated the impact of fuel and water content on the tribological performance
of a PAO base oil and a secondary ZDDP. The key observations including the following:

• Fuel was added to a PAO base oil at 3%, 6% and 20% and the resulting viscosity reduction of PAO
was 19%, 35% and 73%, respectively.

• The fuel content increased the load-carrying capacity of PAO, probably due to the increased the
polarity and acidity in the lubricant.

• Adding 3%, 6% and 20% fuel into the PAO base oil resulted in a wear increase of the cast iron flat
by 7%, 59% and 212%, contributed by the reduced lubricant viscosity.

• Adding 1% water into PAO led to a load-carrying capacity higher than 200 N with the COF below
0.1 but had an insignificant impact on the wear rate under constant-load sliding. 0.8% ZDDP
had marginal protection of the cast iron surfaces at room temperature with 16% wear decrease
compared with PAO. The addition of 1% water and 3% fuel gave rise to a 24% and a 52% wear
increase, compared with PAO-ZDDP.

• A higher fuel concentration resulted in a smoother wear scar, suggesting chemical-mechanical
polishing process as a result of the acidic compounds and reduced viscosity. The phosphate
polymerization level of ZDDP tribofilm was reduced by the addition of H2O but the thickness of
ZDDP tribofilm was not significantly altered.

The results of fuel and water in the base oil reveal their direct impacts on engines performances.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2075-4442/6/3/
79/s1. Table S1. Comparison of wear rates of cast iron flats (10−7 mm3/(N·m)). Figure S1. Emulsion of 1%
water in PAO after 15 min sonication (0 h), and after 1 h, 2 h and 24 h. Figure S2. Wear track morphology
and cross-sectional 2D profiles of PAO, PAO-3%Fuel, and PAO-1%H2O. Figure S3. Wear track morphology and
cross-sectional 2D profiles of PAO-ZDDP, PAO-ZDDP-1%H2O, and PAO-ZDDP-3%Fuel.
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