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Abstract: Internal combustion engine lubrication is essential for unwanted energy and material
losses. As part of the experimental work, the lubricity of both new and worn motor oils of Society of
Automotive Engineers (SAE) 15W-40 and SAE 10W-40 with different American Petroleum Institute
(API) performance classifications, which were taken from various motor trains during maintenance
or oil change, was assessed. A total of sixteen lubricant samples were evaluated. Lubricity, i.e., the
load capacity of the lubricating film, was evaluated on the basis of the Reichert test. Viscosity, as one
of the most important parameters of lubricants, was evaluated by the Stabinger Viscometer. Chemical
degradation of motor oils (oxidation, nitration, sulfation), contamination of oils with fuel, soot, water,
and loss of antioxidant zinc dialkyldithiophosphate (ZDDP) were monitored by Fourier-transform
infrared (FTIR) spectroscopy. Of the fresh motor oils, OMV 10W-40 API SL/CF motor oil had the
best lubricity. URANIA LD 15W-40 API CI-4 and M7ADS V 15W-40 API CI-4 CH-4/SL oils showed
similar lubricity. M7ADS III 15W-40 API CF-4/SG motor oil showed the highest wear of wear surface,
i.e., the lowest lubricity, of the tested new motor oils. Correlation analysis of the experimental data
confirmed that the fuel content penetrated the motor oils significantly negatively correlates with the
viscosity (R = −0.87). The low water contamination in motor oil does not cause a significant negative
effect on lubricity. A significant correlation between the oxidation, nitration, and sulfation products
of chemical degradation of the tested oils was confirmed (R ≥ 0.90). These degradation products
improve lubricity due to their polarity, i.e., they have caused better lubricity of worn oils compared to
new motor oils. Even the depletion of the antioxidant ZDDP did not affect the reduction in lubricity
and anti-abrasion properties of chemically degraded motor oils. The experimental results of testing
of worn motor oils taken from motor trains showed that current motor oils have excellent lubricity,
which they maintain throughout their life.

Keywords: lubricity; oil analysis; motor oil; lubricant degradation; wear; Reichert test

1. Introduction

The reliability of an internal combustion engine largely depends on good lubrication.
Therefore, it is necessary for the motor oil to pass through the clearances continuously and
intensively in the friction surfaces of the engine and to ensure a sufficiently strong film with
lubricating properties so that the friction and wear of the moving parts of the mechanism
are as small as possible. It is necessary not only at normal operating temperatures but also
at and just after starting a cold engine when limit lubrication occurs [1]. These limit states
lead to several times more wear than the ones at normal oil operating temperatures [2].
In addition to lubrication, the motor oil must remove excess heat, protect surfaces from the
effects of pressure, chemical attack, clean the inside of the engine by removing products
of thermal oxidation reactions between oil, fuel, and other impurities, neutralize acidic
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corrosive products generated during fuel combustion, i.e., it must have sufficient alkaline
reserve, seal the space between the piston rings and the cylinder wall so that the penetration
of compressed gases and pollutants is as small as possible, have low evaporation, dampen
noise and vibrations [3].

The components used in the manufacture of motor oil are the base oil(s) and the
polymeric and solid viscosity modifier dissolved therein, and chemical additives, which
impart performance properties to the motor oil [4–6].

Lubrication of the internal combustion engine is essential to reduce unwanted energy
and material losses, i.e., to increase its fuel efficiency and service life [7–9]. From this point
of view, two types of additives are essential that are mixed into the lubricating motor oil;
these are friction modifiers and anti-wear additives [10]. Friction modifiers are functional-
ized polymers, soluble organic molybdenum additives, or dispersed nanoparticles, with
the task of reducing the coefficient of friction between moving engine components and thus
reducing undesired energy losses. Anti-wear additives reduce the wear of engine compo-
nents, i.e., extend their life. Zinc dialkyldithiophosphate (ZDDP) has been commonly used
as an anti-wear additive since the mid-20th century [11]. This additive relatively easily
forms a tribofilm between the sliding surfaces, i.e., a protective barrier which prevents
metal-to-metal contact and consequent wear of the moving parts. A detailed description
of the mechanism of the ZDDP effect is given, for example, in these publications [12–14].
Thersleff et al. [15] stated that drained lubricants containing ZDDP can potentially be a
source of unidentified risks.

During the usage of the engine, the oil is exposed to the strong oxidizing effect of
oxygen and intense thermal stress. The thermal oxidation process significantly catalytically
affects iron (Fe), copper (Cu), acidic substances, water, fuel, and mechanical impurities.
Oxidation of the oil is accompanied by its darkening, increase in its acidity and viscosity,
odor, and discharge of insoluble oxidation products. Oxidation products lead to the
formation of deposits. Furthermore, sticky sludges and varnishes are formed, which impair
the homogeneity of the oil and clog the filter inserts. Intensive thermal oxidation action
occurs, especially in the piston group, where the weak oil layer is exposed to high oxidation
and thermal stress in the presence of other substances that can catalytically affect the
oxidation [16]. In addition to the actual chemical aging of the oil, it is also degraded by
residues of imperfectly burned fuel, condensed water or coolant penetrating leaks, metal
wears particles of engine components, small dust impurities sucked from the environment,
and soot in diesel engines [16–18].

Viscosity is one of the most important properties affecting the flow properties of
substances. The viscosity of the oil may change due to pressure and temperature [7].
These dependencies determine the properties of the used oil. Viscosity can increase or
decrease during operation. The products of condensation and polymerization reactions,
which take place under high thermal stress of the oil, and oxidation products contribute
to the increase in viscosity. Jakóbiec et al. [19] stated that soot generated in the engine
can cause hard sludge, high lubricant viscosity, or oil gelling. Insoluble sludges generally
do not cause a significant increase in viscosity when the soot particles are individually
dispersed due to dispersing additives. The viscosity can be increased by insoluble soot
particles introduced into the lubricant in the piston ring area. Ziółkowska [20] stated that
soot particles tend to agglomerate, which is the main cause of motor oil gelling at high
temperatures. Soot-contaminated oil was studied in various researches on the use of anti-
wear additives [21–23]. According to Vyavhare et al. [24], increasing the concentration of
soot in formulated oils increases the wear of the sliding surfaces significantly. According to
Bagi et al. [21], the wear caused by soot occurs through an abrasive wear mechanism, where
the soot antagonistically interacts with the protective tribofilms formed by the anti-wear
additives and makes the wear of the engine components worse. Penchaliah et al. [25]
reported in their study that soot and oxidation products in the lubricant cause abrasive
and polishing wear, while sulfuric acid and moisture cause corrosion wear on machine
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components. Thickening of motor oils also occurs when the base oil has a high evaporation
rate [26].

The reduction in viscosity is due to the dilution of oil with fuel [27], the depolymer-
ization of the polymer additive used as a viscosity index modifier, or also due to cracking
of the oil under thermal stress. The application of regenerative fuels and new exhaust
after-treatment systems, frequent cold starts or a fault in the injector will cause the oil
to be diluted with fuel, and this may lead to the lubricating film being too thin [28,29].
It may result in a breakage of the lubricating film and increased wear or even jamming of
moving parts at higher stress. Soot is formed in a significant amount in lubricant cracking,
contributing to increasing the viscosity of the motor oil.

In real conditions, motor oil is affected by many opposing influences. Understanding
the degradation processes that occur in motor oil in operation is important with respect
to meeting current and future requirements. Researchers are also studying motor oil
degradation with a view to optimizing the replacement intervals [29–31] and setting up
the maintenance systems [32–35].

The very current issue is the research of the effect of oil degradation on tribological
properties because the development and testing of internal combustion engine components
usually rely on fresh motor oils, regardless of the differences in lubricating properties
caused by degradation.

Fernandes et al. [36] studied the lubricity of the new motor oil SAE 10W-40 (API) CI-4
and the same oil after 500 h of engine testing. The friction and wear of the piston ring and
cylinder liner were evaluated on a short piston tester with the above oils. The fresh oil
formed more ZDDP–derived tribofilms that mitigated liner wear but increased friction.
Samples of a liner with accumulated 500 engine hours presented intermediate values of
friction, wear, and ZDDP tribofilm elements. Ma et al. [37] stated that due to the depletion
of antioxidants, the original lubricating and anti-wear additives are also depleted because
both properties of the motor oil are usually provided by the same additive—ZDDP. This is
reflected in a gradual increase in the coefficient of friction and thus in the engine noise.

Dörr et al. [12] studied ZDDP degradation and its effect on tribofilm formation and
possible impact on friction and wear. Commercial motor oil SAE 0W-20 was used to
produce a series of modified lubricants that were subjected to high-resolution mass spec-
trometry to identify ZDDP degradation products and their amounts over time. Selected
oils were subjected to tribometric experiments. ZDDP concentrations, as well as the type
and amount of ZDDP degradation products in oils, directly affected tribofilm formation
and subsequent friction and wear. With the exception of sulfur, the amounts of phosphorus,
zinc, and calcium decreased with the increasing degree of oil degradation, indicating that
tribofilm formation became increasingly difficult.

For the understanding of motor oil SAE 5W-30 degradation in a combustion engine,
in particular, ZDDP deterioration and its impact on wear expressed as iron content, a
field test with a passenger car was carried out, which covered a distance of 19,800 km
and represented an entire oil change interval [38]. Wear remained largely low when an
intact ZDDP was available for tribofilm formation. The lack of ZDDP, together with the
formation of inorganic acids from ZDDP, led to the fourfold increase in wear rate.

In the current literature, we can find divergent views on the change in lubricity due
to the increase in oxidative degradation. Berglund [39] or Wang [40] studied the effect
of oxidative degradation on the load-bearing capacity of the lubricating film. In both
works, samples of a certain degree of degraded lubricant were created, which were further
investigated in terms of the load-bearing capacity of the lubricating film. The results
describe the increase in friction in both cases, with the maximum increase occurring by up to
80% of the original value for pure oil. Sikora [41] and Černý et al. [42] came to the opposite
results. Sikora [41] studied the lubricity of Shell Helix AV-L motor oil operated in the
Volkswagen Touran passenger car. The author stated that at the end of the change interval
(approximately after 21,000 km), the lubricity was 81% higher compared to the lubricity
of fresh oil. However, the author did not comment on possible causes for this condition.
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The research of Černý et al. [42] focused on monitoring the lubricity and anti-abrasion
properties of motor oils during their operation. Both viscosity measurements, including
determination of high-temperature high shear (HTHS) viscosity, and measurements of
oil friction coefficient during operation and lubricity according to the Reichert test, were
performed. The oil friction coefficient roughly followed the kinematic viscosity values. The
authors stated that due to the shear instability of modern motor oils, the largest viscosity
changes occur at the beginning of oil operation. All operating samples of motor oil had a
significantly lower coefficient of friction and smaller wear surface than new and unused
oil. In further operation, the coefficient of friction of the oil and the size of the wear surface
were kept at the same level. At the end of their service life, the studied motor oils had
paradoxically better lubricity characteristics than the new oils.

Different opinions on the change in viscosity due to the increase in oxidative degra-
dation also appear in other works. In his work [43], Höhn analyzed five transmissions
mineral oils intended for various applications, each of which has undergone degradation
at two different temperatures. The results show an increase in viscosity with a decrease
in the ingredients contained in all oils and both temperatures. The same results are also
presented by KEW Engineering [44]. The opposite results were obtained in the study by
Sikora et al. [45], who tested various species of motor oils in the temperature range from
10 to 90 ◦C. These samples represented the oil level driven in a car after 261 to 1319 h.
The results showed the dependence of the decrease in viscosity to an increasing degree of
lubricant degradation at all measured temperatures, speeds, and pressures. Maguire [46]
also mentions in his work a serious impact of oxidative degradation on the properties of
the lubricant. For lubricants degraded by standard oxidation procedures (rotary pressure
vessel, turbine stabilization test, thermal test, and many others) have been reduced for
some oil’s kinematic viscosities up to 100%, but these changes could not be fully quantified,
and general conclusions cannot be drawn from them.

While studying the literature, the authors of the paper found that one of the unan-
swered questions in the scientific field of lubrication remains: Why, in some cases, do
operating (degraded) motor oils have better lubricating properties at the end of the recom-
mended change interval than the new motor oils? To answer this question, it is necessary
to study and understand the degradation processes that occur in motor oil in operation
because tribological properties may be closely related to the condition of the motor oil.

2. Materials and Methods

To answer the above-mentioned research question, it was necessary to collect samples
of new and worn motor oils with different levels of degradation, i.e., different kilometers
on the oil filling. The lubricity of the tested samples was evaluated on the basis of the
Reichert test. FTIR spectrometry was used to study degradation processes (oxidation,
nitration, sulfation, ZDDP loss) and contamination of motor oils (by water, fuel, and
soot). One of the most important physical parameters of motor oils-kinematic viscosity
was also monitored. Correlation analyses of the obtained parameters of motor oils were
used to determine the degree of dependence between chemical degradation, depletion of
antioxidant and anti-wear additive ZDDP, contamination of motor oils, and wear of friction
surfaces, i.e., lubricity.

2.1. Tested Samples of Motor Oils

To evaluate the influence of physicochemical degradation and contamination of motor
oils on their lubricity, twelve samples of worn lubricants were taken from Czech Railways
motor trains. Four fresh motor oils no. 1-1, 2-1, 3-1, 4-1 were used as a reference. Motor
oils (M7ADS III, M7ADS V, Urania LD) of viscosity class SAE 15W-40, which had different
American Petroleum Institute (API) specifications, and motor oils (OMV) of viscosity class
SAE 10W-40, API SL/CF were evaluated (see Table 1). The worn oils were collected as a
part of train maintenance. To ensure different levels of degradation and contamination,
motor oils were taken at one-third, two-thirds, and almost at the end of the replacement
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interval from the different types of motor trains listed under the number in Table 1. For
M7ADS III and M7ADS V motor oils, a change interval of 30,000 km is recommended, for
Urania LD and OMV oils, after 40,000 km.

Table 1. Specifications of tested motor oils.

Oil Sample No. Motor Oil Specifications New/Worn Motor
Oil

Oil Drain Mileage
(km) Motor Train No.

1-1 M7ADS III SAE 15W-40
API CF-4/SG new 0 -

1-2 M7ADS III SAE 15W-40
API CF-4/SG worn 20,800 742,144

1-3
model sample

M7ADS III
sample (1-2) + 15.6

wt.% diesel

SAE 15W-40
API CF-4/SG worn 20,800 742,144

1-4
model sample

M7ADS III
sample (1-2) + 25.6

wt.% diesel

SAE 15W-40
API CF-4/SG worn 20,800 742,144

1-5 M7ADS III SAE 15W-40
API CF-4/SG worn 24,750 742,144

2-1 M7ADS V SAE 15W-40
API CI-4 CH-4/SL new 0 -

2-2 M7ADS V SAE 15W-40
API CI-4 CH-4/SL worn 12,335 810,578

2-3 M7ADS V SAE 15W-40
API CI-4 CH-4/SL worn 25,888 814,031

2-4 M7ADS V SAE 15W-40
API CI-4 CH-4/SL worn 25,900 814,085

3-1 URANIA LD SAE 15W-40
API CI-4 new 0 -

3-2 URANIA LD SAE 15W-40
API CI-4 worn 33,256 841,007 I

3-3 URANIA LD SAE 15W-40
API CI-4 worn 33,260 841,007 II

3-4 URANIA LD SAE 15W-40
API CI-4 worn 37,805 841,015 I

3-5 URANIA LD SAE 15W-40
API CI-4 worn 37,805 841,015 II

4-1 OMV SAE 10W-40
API SL/CF new 0 -

4-2 OMV SAE 10W-40
API SL/CF worn 39,800 841,097

To evaluate the effect of motor oil contamination on lubricity, model samples no. 1-3,
1-4 were prepared by mixing worn oil no. 1-2 with 15.6 mL of diesel and 25.6 mL of diesel.

The fresh motor oils differed in their viscosity classification according to the SAE
(Society of Automotive Engineers, Warrendale, PA, USA); SAE 10W-40 motor oil is more
fluid (has a lower viscosity) at lower temperatures than SAE 15W-40 viscosity class oil,
and, therefore, ensures easy starts at low temperatures and is easier to transport through
lubrication channels to lubricated areas. This protects the engine from wear during frequent
cold starts. Motor oils also differed in the performance classification of the API (American
Petroleum Institute, Washington, DC, USA). The performance class determines the load the
oil is able to withstand without compromising its function. The API power classification
divides motor oils according to motor type into petrol oils, marked with the letter S, and
diesel oils, marked with the letter C. The performance level, i.e., lubricity, is expressed for
the given motor type by another letter, from A upwards. In essence, in general, the further
this letter is in the alphabet, the better the quality of the motor oil. If we evaluate motor oils
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according to this general rule, the quality should be approximately the same for M7ADS V
(API CI-4 CH-4/SL) and Urania LD (API CI-4) motor oils. This would be followed by OMV
(API SL/CF) motor oil, which according to the specification indicates that it is primarily
intended for petrol engines, but can also be used in diesel engines. Last in terms of quality
would be M7ADS III (API CF-4/SG) motor oil.

2.2. Reichert Test

The Reichert test was used to evaluate the lubricity of the analyzed motor oil samples
listed in Table 1. The essence of testing on a Reichert M2 (Petrotest, Inc. GmbH, Dahlewitz,
Germany) is a simulation of a real frictional contact of a fixed stationary roller (1) pressed
against a rotating grinding ring (2) partly immersed in the tested lubricant (3). Figure 1
shows the workplace of the Reichert test. The PETROTEST methodology was used to
evaluate the load capacity of the oil film. The load-bearing capacity of the lubricating film
(BCLF) is defined by Formula (1). The equation shows that the load-bearing capacity of
the lubricating film is inversely related to the size of the elliptical wear surface (WS) on
the fixed stationary roller. For this reason, only WS values, according to Formula (2), are
presented in the paper.

BCLF =
2000·G·9.81

WS
, (1)

WS = 0.75·l·d, (2)
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BCLF is the load-bearing capacity of the lubricating film in (N cm−2), G corresponds
to the selected load in (kg), WS is the wear surface in (mm2), l is the length of the elliptical
surface in mm, d is the width of the elliptical surface in mm.

The conditions of the Reichert test were load: 1.0 kg; friction track: 100 m; sliding
speed: 800 rpm; sample volume: 25 mL; temperature: 20 ◦C; material of ringlet—grinding
ring: steel, Petrotest 150023; material of rollers: steel—Petrotest 150021.

The measurement of lubricity expressed by the size of the wear surface on the station-
ary test roller was repeated three times, and the result is an average value.

Photo documentation of the wear surfaces on the test rollers was made with a digital
microscope with a USB connection.

2.3. Viscosity Measurement

The dynamic viscosity (DV) measurement of motor oil samples was performed with an
automatic SVM 3000 Anton Paar rotary Stabinger viscometer (Anton Paar, Graz, Austria).
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The measurement procedure was performed in accordance with ASTM D7042 [47]. When
converting the values of dynamic viscosity to kinematic viscosity (KV) at 100 ◦C, it is
necessary to know the appropriate density ρ. For this reason, the SVM 3000 had an
integrated density cell based on the proven and precise principle of oscillating U-tube.
Both cells were filled with the sample in one measuring cycle.

From the measured DV and density values, the device automatically calculated KV
at 100 ◦C. The measurement took place in the temperature range from 15 to 100 ◦C at
p ≈ 0.1 MPa.

2.4. FTIR Spectroscopy

FTIR spectroscopy was used to evaluate the degradation of lubricants, to monitor the
penetration of contaminants into the oil filling, and to determine the concentration of the
antioxidant additive ZDDP. Infrared (IR) spectra of all motor oil samples were recorded
on a Nicolet iS10 spectrometer (Thermo Scientific, Inc., Waltham, MA, USA) using the
attenuated total reflection technique (ATR), ZnSe crystal. The instrument was equipped
with OMNIC software (version 8), which allows setting the parameters of the spectrometer,
controls its own measurements, and performs the required subsequent operations with
the spectra. The spectra of motor oil samples were measured in the spectral range of
4000 to 650 cm−1. Measurement parameters: resolution 4 cm−1, number of spectrum
accumulations 64.

The captured spectra were subsequently processed by the “OIL ANALYZER” com-
puter program, which is part of the OMNIC program. Based on the internal methodology of
“OIL ANALYZER”, these parameters were determined: oxidation products (A.u./0.1 mm),
nitration products (A.u./0.1 mm), sulfation products (A.u./0.1 mm), antioxidant (%), soot
(%T), water (wt.%), and fuel (wt.%).

Oxidation, nitration, and sulfation were determined by a methodology based on
subtracting the IR spectrum of fresh oil from the spectrum of worn oils, all baseline-
corrected. For oxidation, the intensity of the absorption band at 1720 cm−1, for nitration
the intensity of the absorption band at 1630 cm−1, and for sulfation, the intensity of the
absorption band at 1150 cm−1 was then measured.

Residual amounts of antioxidants ZDDP were also monitored. Per definition, the
amount in the fresh oil was set to 100%, and, subsequently, the content in worn oil samples
was related to the respective fresh oil and expressed in percent. The absorption band of
ZDDP can be found in the range of 1020 to 920 cm−1.

The spectral region around 2000 cm−1 was used to assess the level of soot particles
in the motor oil. Although soot particles have no specific absorption frequencies in the
infrared spectrum, a spectral region around 2000 cm−1 was used to evaluate the level of
soot particles in motor oil, as no other spectral phenomena occur in this region. Soot in
motor oil causes the baseline of the spectrum to shift due to light absorption and scattering.
The spectrum of fresh motor oil has a value of 100% T in the region of 2000 cm−1. As the
concentration of soot particles in the lubricant increases, the transmittance decreases.

Diesel (wt.%) in motor oil was determined by internal methodology [48]; the spectral
region 835–688 cm−1 was determined. Water was detected as a broad spectral band in the
region of 3600–3150 cm−1 due to the hydroxyl (–OH) group. Water concentration (wt.%)
was determined from the intensity of the spectral band at 3400 cm−1, corrected for baseline.

2.5. Data Processing

The experimental data were subjected to correlation analysis. Pearson’s correlation
coefficient (R) measures the degree of tightness of the linear relationship between the
variables of the motor oils tested. When calculating the Pearson correlation coefficient, we
generally start from measured values on n units for pairs of variables x and y (Formula (3)).(

x1
y1

)
,
(

x2
y2

)
, . . . ,

(
xn
yn

)
, (3)
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Pearson’s correlation coefficient (Formula (4)) is then calculated as “normalized
covariance”—i.e., covariance divided by the product of the standard deviations of both
variables. After editing, the formula looks like this:

R =
∑n

i=1(xi − x)·(yi − y)√
∑n

i=1(xi − x)2·∑n
i=1(yi − y)2

, (4)

where xi is the value of an i-th variable x, yi is the value of an i-th variable y, x is the
average value of the variable x, y is the average value of the variable y, n is the number of
samples tested.

We can then test the significance (p-value) of the calculated R. If the p-value is less
than the significance level α = 0.05, then the correlation is confirmed (R differs statistically
significantly from zero). Microsoft Excel spreadsheet and STATISTICA 10.0 program were
used for experiment data analysis.

3. Results and Discussion

Table 2 shows the complete results of analyses of four groups of motor oil samples
(M7ADS III, M7ADS V, Urania LD, OMV) according to the Reichert test, KV at 100 ◦C, and
FTIR spectroscopy. Photo documentation of the wear surfaces (WS) on the test steel rollers
from the Reichert test is given in Figure S1. The spectra of motor oils, on the basis of which
the content of antioxidant and anti-wear additive ZDDP, soot, fuel, water, and oxidation,
nitration, and sulfation products were determined is given in Figure S2.

Table 2. Results of testing motor oils.

Oil Sample
No.

WS
(mm2)

KV100 ◦C
(mm2·s−1)

ZDDP
(%)

Soot
(%T)

Fuel
(wt.%)

Water
(wt.%)

Oxidation
(A/0.1 mm)

Nitration
(A/0.1 mm)

Sulfation
(A/0.1 mm)

1-1 9.0 14.62 100.0 100 0.0 0.0 0.00 0.00 0.00
1-2 7.9 12.15 69.3 72 4.4 0.0 0.17 0.08 0.16
1-3 8.3 9.23 69.3 72 20.0 0.0 0.17 0.08 0.16
1-4 8.8 7.47 69.3 72 30.0 0.0 0.17 0.08 0.16
1-5 6.3 14.75 63.4 54 2.7 0.2 0.05 0.08 0.14

2-1 5.9 14.29 100.0 100 0.0 0.0 0.00 0.00 0.00
2-2 7.6 12.94 74.0 81 17.0 0.0 0.21 0.12 0.19
2-3 6.3 13.30 67.0 78 0.0 0.1 0.07 0.10 0.14
2-4 7.9 15.48 59.0 79 7.0 0.0 0.07 0.09 0.17

3-1 5.8 14.14 100.0 100 0.0 0.0 0.00 0.00 0.00
3-2 5.9 14.07 11.5 93 0.0 0.0 0.15 0.23 0.26
3-3 6.1 14.07 13.8 93 0.0 0.0 0.14 0.22 0.26
3-4 6.3 14.68 5.0 88 0.0 0.0 0.26 0.40 0.38
3-5 5.8 14.65 6.0 88 0.5 0.0 0.26 0.40 0.38

4-1 3.5 14.37 100.0 100 0.0 0.0 0.00 0.00 0.00
4-2 2.1 15.58 23.2 75 0.0 0.2 0.42 0.62 0.57

3.1. Evaluation of Fresh Motor Oils Lubricity

As follows from Formulas (1) and (2), the wear of machine parts is related to the
load capacity of the lubricating film. Therefore, lubricity can be included among the most
important parameters of lubricants, affecting the life of the tribological system [49]. The
results of the Reichert test and the determination of KV at 100 ◦C testing of new motor oils
are shown in Figure 2.
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The best lubricity was shown by OMV 10W-40 API SL/CF motor oil, which is rec-
ommended as a top lubricant for vehicles with extremely long change intervals. Mixtures
of base oils in various combinations, such as polyalphaolefins (PAO) and hydrocracking
oil, PAO and solvent raffinate, are most often used for the production of semi-synthetic
oils [50]. From the group of motor oils of the SAE 15W-40 specification, the greatest wear of
the wear surface of the cylinder was demonstrated by the motor oil M7ADS III. This type
of oil is suitable for supercharged and non-supercharged diesel engines. Almost the same
level of wear was recorded for M7ADS V and Urania LD mineral oils. M7ADS V motor oil
is recommended for international transport vehicles that are exposed to extremely difficult
operating conditions. Urania LD motor oil is unique in that it has a higher resistance to
mechanical cutting. The basis for the production of M7ASD III and M7ADS V oils are hy-
drocracking oils. The viscosity of the lubricant has a fundamental effect on the lubrication
process. If the lubricant has a low viscosity, the lubricant is forced out of the lubrication
space, thereby reducing the lubricating film, which causes poor lubrication. This can
damage the lubricated surfaces. High-viscosity lubricant has a harder time entering the
lubrication space, resulting in insufficient lubrication. For this reason, it is necessary to
monitor viscosity when studying the effect of degradation and contamination of motor oil
on lubricity. The viscosity of the degraded oil should change by a maximum of ±20% with
respect to the viscosity of the new oil [51].

3.2. Influence of Degradation and Contamination of Motor Oils on Lubricity

In the case of testing samples of motor oils M7ADS III 15W-40 (no. 1-x), it can be
seen that the highest wear of the test roller was when lubricating with new oil no. 1-1 (see
Figure 3 and Table 2). On the contrary, the sample of worn motor oil no. 1-5 showed the
best lubricity. It is the sample where the highest soot concentration (54% T) was found
by FTIR spectroscopy; the literature [38] states the value of 30% T as a limit value for
the change of soot-contaminated oil. Soot belongs to the mechanical impurities, which
are created in the combustion chamber during the combustion of diesel. It is, therefore,
a problem with compression ignition engines; soot formation in spark-ignition engines
is negligible. Most of the soot leaves the combustion chamber with the exhaust gases,
but the remaining part, together with the exhaust gases, penetrates the crankcase, and
the soot ends up in the motor oil. Problems with soot occur at higher concentrations,
when, due to agglomeration, their size increases from several hundredths to one-tenth of
the micrometer. According to Vyavhare et al. [24], the oxidation reactivity of soot in the
crankcase is strongly dependent on changes in the physical and chemical composition of
the carbon structure of the soot. There was a sufficient concentration of antioxidant and
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anti-wear additive ZDDP (63.4%) in the oil sample no. 1-5; fuel (2.7%) and water (0.2%)
were also present in this sample. In the case of water, it is the permissible concentration
limit. Water in motor oil can cause, for example, the precipitation of some additives in the
form of deposits or sludge or the hydrolysis and degradation of other additives, which
is typical of detergents. In studying the experimental behavior of water-contaminated
lubricating films, Koutný [52] did not find that water droplets entered the contact area
or affected the thickness of the lubricating film. The viscosity of this sample increased
by only less than one percent compared to the new oil. This is confirmed by the fact that
viscosity was affected by opposing effects; the fuel in the oil reduced the viscosity, while
the soot increased it. Sample no. 1-2 contained about 4% of diesel oil, which is the limit
value for an oil change. If the amount of fuel in the oil exceeds this limit, in most cases,
it means a fault in the engine, usually in the injectors. The concentration of about 4% of
fuel in the oil had the effect of reducing the viscosity by 17% compared to the viscosity
of the new oil. In practice, in the case of large-volume compression ignition (CI) engines,
the operation of the motor oil is usually permitted within the range of viscosity change
of a maximum ±20% compared to the viscosity of the new oil [35,51]. Another study [53]
report an increase (>35%) in KV at 100 ◦C as a warning limit. The limit value in passenger
cars is a change in viscosity of a maximum ±15% compared to the viscosity of the new oil.
By comparing the test results of sample no. (1-2) and sample samples no. (1-3) and (1-4),
which were prepared by mixing sample no. (1-2) and defined volume of diesel fuel (see
Table 1), it can be concluded that reducing the viscosity by up to 50% of the original value
did not have a significant effect on reducing the load-bearing capacity of the lubricating
film, i.e., on increasing the wear of the test cylinders.
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Figure 3. Test results of motor oils M7ADS III - a comparison of monitored parameter values for motor oil samples 1-1 to
1-5 (where WS is wear surface and KV is kinematic viscosity at 100 ◦C).
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In the case of testing used motor oils M7ADS V 15W-40 sample no. 2-2, 2-3, 2-4
(see Figure 4 and Table 2) with the distance of 12,335 km, 25,888 km, and 25,900 km, the
concentration of the additive ZDDP was recorded at the level of 74%, 67%, and 59%, i.e., the
limit value of 30% was not exceeded. Based on the fuel identification in the motor oil, two
samples were diagnosed with a fault in the injectors. These were samples no. 2-2 and 2-4,
in which the fuel concentration reached 17% and 7% and KV changed by about −9%, +8%
relative to the viscosity of the new oil. Oxidative degradation accompanied by sulfation
and nitration could be observed in the sample of motor oil no. 2-2, which was in 1/3 of its
exchange interval. Oxidation of oil (hydrocarbons) produces various oxidation products,
such as aldehydes, ketones, acids, esters, and others. Thanks to nitration from the flue
gas, organic nitrates are also formed in the oil, which are also accompanied by sulfation
products. The authors believe that, in addition to sulfur oxides (SOx) from exhaust gases,
a gradual decrease in ZDDP contributes to the formation of these substances. When testing
this group of motor oil samples, the maximum wear of +34% with respect to the fresh oil
was confirmed in borehole no. 2-4.
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Figure 4. Test results of motor oils M7ADS V—a comparison of monitored parameter values for motor oil samples 2-1 to
2-4.The evaluation of the test results of used motor oils URANIA LD 15W-40 (see Figure 5) with the distance in the range
of 33,000–37,810 km (samples 3-2 to 3-5) shows that they contain low soot content (98–88% T). However, even a small
amount of soot in the oil caused the oil to blacken. In all samples of this type of motor oil, the antioxidant and anti-abrasion
additive ZDDP was reduced below the limit of 30%, which is stated by Král et al. [54] as the limit value. Sejkorová [51]
stated the ZDDP limit value of 20%. The concentration of this additive ranged from 5 to 14.8%. Depletion of ZDDP did not
affect the wear of the wear surface of the steel rollers based on the Reichert test, probably due to the fact that the highest
concentrations of oxidation, nitration, and sulfation products were found in these samples. However, the values did not
reach the limit value of 1 A.u./0.1 mm. The products of thermal oxidation degradation, nitration, and sulfation have a polar
character and positively affect the load capacity of the lubricating film and the lubricity of oil in general, which reflects in
the low level of wear of the test rollers. These degradation products did not occur in concentration that would have an
impact on the change in viscosity of the evaluated oils; the change in viscosity ranged from −0.5 to 3.8% compared to the
viscosity of the new oil.
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Figure 5. Test results of motor oils Urania LD—a comparison of monitored parameter values for motor oil samples 3-1
to 3-5.

Of all the tested motor oils, the samples of oils OMV 10W-40 (no. 4-1, 4-2) showed the
lowest wear, i.e., the best lubricity. Deducing from Table 2 and Figure 6, the ZDDP concen-
tration decreased to 23.1% in the oil sample no. (4-2), but relatively high concentrations of
oxidation, nitration, and sulfation polar products increased the adhesion of the motor oil,
which reflects a 40% increase in lubricity compared to the new oil. Degradation products
of used oil increased KV by only 8%. Oxidative degradation and soot in the oil did not
significantly affect the viscosity of motor oils.
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Figure 6. Test results of motor oils OMV—a comparison of monitored parameter values for motor oil
samples 4-1 to 4-2.

In summary, we can say that contrary to expectations, the evaluated motor oils have
retained excellent lubricating properties throughout their service life. These results are
consistent with the results of Černý et al. [42] and Sikora [41], who, however, did not
provide experimentally substantiated justification for this condition. The authors, therefore,
focused on the study of the most common form of lubricant degradation—the oxidation—
that is the characteristic reaction of materials with oxygen, in which oxygen reacts with
other molecules, resulting in the loss of an electron forming a free radical. Different
functional groups, such as alcohols, aldehydes, ketones, carboxylic acid, and esters, are
formed as a result of the above elementary reactions [55]. Oxidation of oil also contributes
to the polarization of oils owing to the formation and/or depletion of the above functional
groups. Oxidation occurs under mild conditions by the gradual depletion of antioxidants.
In the case of motor oils, it is ZDDP, where this additive is also used as an anti-abrasion
additive. Antioxidants are substances used to stabilize lubricants and prevent oxidation
by reducing the activity of oxygen radicals. Once oxidation begins, it causes a severe
and permanent chemical change in the base oil that results in the mentioned degradation.
Simultaneously with the oxidation products, nitrates are formed, which have a very similar
negative effect on the properties of the oil as the products of oil oxidation. Nitration occurs
in the crankcase due to the presence of hot flue gases, which penetrate here from the engine
cylinders. These bring the high temperature and exhaust gases (and with them NOx) to the
crankcase. Due to the mixing of oil with air and hot flue gases, ideal conditions are created
in the crankcase for oxidation as well as nitration. On the same principle, the authors [30,54]
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presented the formation of sulfates, i.e., the formation of SOx reactions from flue gases with
oil. However, given the maximum concentration of 10 ppm sulfur in the fuel, this seems
unlikely [56]. The literature [50] showed that sulfation products accompany oxidation
and nitration products. The authors noted that in most cases, with the mileage of the
oil, the content of sulfation products increases, and the concentration of ZDDP decreases
proportionally. Therefore, they concluded that the sulfation products are mainly the result
of the reaction of sulfuric acid as a decomposition product of ZDDP with the base motor oil.
All of these oxidative degradation products, in contrast to hydrocarbon molecules, have a
positive polarity and, therefore, ensure better adhesion of the oil to lubricated tribological
systems, which means they provide better lubricity. The products of condensation and
polymerization reactions are formed under high thermal stress. These thermal degradation
products, together with oxidation products, contribute to the increase in viscosity. However,
the tested oils did not produce such amounts of oxidation products during the oxidative
degradation that they would have a significant effect on the change in viscosity. Soot also
contributes to increasing the viscosity of motor oils in a diesel engine. Soot generated in the
engine can cause hard sludge, high lubricant viscosity, or oil gelling [20]. Contamination of
the oil fill with soot did not cause a significant increase in viscosity due to the dispersants
that dispersed them individually [57]. They have contradictory effects on viscosity. The
decrease in viscosity was due to the dilution of the oil with fuel. The tested oils were shear
resistant [3], i.e., there was no significant reduction in viscosity for oils not contaminated
with diesel. The performed experiments confirmed that the water contaminating the motor
oil does not come into contact in the between the friction surfaces and that the thickness of
the lubricating film is sufficient to ensure lubrication, i.e., to prevent friction and wear.

3.3. Correlation Analysis

The correlation between the x, y part of monitored parameters of motor oils was
expressed by a correlation matrix (see Table 3). We assumed that the variables came from a
normal distribution, so we calculated the correlation between the variables by the classical
Pearson correlation coefficient (R). The coefficient R can take values from −1 to 1. If R > 0,
y increases with increasing x, if R < 0, as x increases, y decreases. The dependence with
correlation coefficient in absolute value |R| in the range of <0.95–1> is considered to be
very strong, in the range of <0.80–0.95> to be quite strong, and in the range of <0.50–0.80>
to be moderate dependence. If the value is |R| < 0.5, this dependence is considered
insignificant [58]. We can then test the significance (p-value) of the calculated R. If the p-
value is less than the significance level α = 0.05, then the correlation is confirmed (R differs
statistically significantly from zero). It should be noted that the existence of a significant
correlation between variables does not necessarily imply a causal relationship between
variables. Due to the fact that moisture appeared in only three samples, it was not included
in the calculation. The authors also did not include a lubricity-related (WS) parameter in
the calculation. The reason was the different value of this parameter for new samples.

Table 3. Correlation matrix

Parameter KV ZDDP Soot Fuel Oxidation Nitration Sulfation

KV 1 - - - - - -
ZDDP −0.20 1 - - - - -
soot 0.34 0.15 1 - - -
fuel −0.87 0.18 −0.45 1 - - -

oxidation −0.06 −0.72 −0.35 0.16 1 - -
nitration 0.30 −0.83 −0.14 −0.22 0.90 1 -
sulfation 0.17 −0.87 −0.31 −0.07 0.94 0.97 1

Legend: The values in bold are statistically significant at α < 0.05.

Correlation analysis showed that the parameters of chemical degradation of tested
oils (oxidation, nitration, and sulfation) correlated significantly with each other at the level
of significance α < 0.05, and these parameters also correlated with the loss of antioxidant
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ZDDP, which is also used as the anti-wear additive. The very strong significant positive
correlation R = 0.90 (p << 0.001) between oxidation and nitration of the oil can be explained
by the contact of the motor oil with the exhaust gases, which affects the entire oxidation
process. Large oxidation changes in the oil occur where the temperature is very high, i.e.,
in the area of piston and valves, high temperature is also at the turbocharger. However,
oxidation also occurs in the crankcase due to the presence of hot flue gases, which penetrate
here from the engine cylinders. These bring high temperature and exhaust gases (and with
them NOx) to the crankcase. Air and oxygen are always present in the crankcase, sometimes
due to the crankcase ventilation. The oil is well mixed in the crankcase, the casing walls,
crankshaft, etc., are covered with it, and the oil, therefore, has a large surface in contact
with hot flue gases and air. There are, therefore, ideal conditions for oxidation and also for
nitration of the oil. Nitration is then caused by the action of nitrogen oxides on the oil, where
the product is organic nitrates. As the oil oxidizes, the antioxidant ZDDP decreases; the
correlation between these variables was moderately strong, R = −0.72 (p = 0.002). However,
somewhat surprising was the relatively significant positive correlation R = 0.94 (p << 0.001)
between oxidation and sulfation, given that current diesel was of good quality and can
contain a maximum of 10 ppm sulfur (S) [56]. The authors of this article believe that the
answer can be found in a significant negative correlation R = −0.87 (p << 0.001) between
ZDDP content and sulfation products. Dörr et al. [12,38] reported that the degradation
products of ZDDP are sulfuric acid and phosphoric acid. Therefore, the authors of this
article believe that the sulfation products are predominantly formed by the reaction of
sulfuric acid as a decomposition product of ZDDP with the base motor oil, to a lesser
extent by the reaction of SOx from the exhaust gases with the base oil. Thus, a very strong
correlation between sulfation and nitration can be explained R = 0.97 (p << 0.001). Sulfation
can cause an increase in viscosity and the formation of varnishes, sludges, and sediments.
According to the authors, the degradation products of oxidation, nitration, and sulfation
are the cause of better lubricating properties of worn motor oils than fresh motor oils. Base
motor oil composed of hydrocarbons is non-polar in nature. The products that are formed
during oxidation, nitration, and sulfation changes are polar in nature, i.e., they adhere
better to the lubricated surfaces of interacting components and have a positive effect on the
lubricity of oils. For this reason, even the depletion of ZDDP-type antioxidants may not
have the effect of increasing wear, as has already been demonstrated in the partial results
presented in this article. Correlation analysis confirmed that there is a significant negative
relationship R = −0.87 (p << 0.001) between the fuel content of the motor oil and its KV. Too
low oil viscosity can mean a thin lubricating film that has a low load capacity. The integrity
of the lubricating film may be compromised. This can lead to the increased engine wear,
which is greater, the higher the fuel content of the oil is, and the lower the viscosity is.

4. Conclusions

Contamination and degradation of lubricants are the main causes of unexpected
tribological system failures. The aim of the presented work was, therefore, to explain the
effect of chemical degradation and contamination (soot, fuel, moisture) of motor oils on
the behavior of the lubricating film with respect to its load-bearing capacity, i.e., lubricity.
Based on the results of the experiments, the authors came to the following conclusions:

• Current motor oils used in Czech Railways motor trains have excellent lubricity, which
they retain throughout their service life.

• The lubricating properties of motor oils are not limited by the depletion of the an-
tioxidant and anti-wear additive ZDDP and a high degree of chemical degradation.
Chemical degradation products (oxidation, nitration, and especially sulfation prod-
ucts), which, unlike hydrocarbons, are of a polar nature, ensure better adhesion of the
lubricant to lubricated components. The sulfur contained in the sulfation products
also increases the lubricity. For these reasons, some oils had better lubricity at the end
of the change interval than fresh oils.
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• Correlation analysis confirmed a relatively strong significant correlation between oxi-
dation, nitration, and sulfation products (R ≥ 0.90). At the same time, these chemical
degradation products are significantly negatively correlated with the concentration of
ZDDP, i.e., with the loss of this additive.

• Due to the low concentration of sulfur in fuels on the European market, the formation
of sulfation products can be explained mainly by the reaction of sulfuric acid as a
decomposition product of ZDDP with the base motor oil, to a lesser extent as the
reaction of SOx from exhaust gases with the base motor oil.

• No significant effect of chemical degradation products on the kinematic viscosity
value of motor oils has been demonstrated. However, in none of the analyzed samples
did the concentration of these products exceed the limit value.

• Contamination of oil with diesel has the most significant effect on reducing the viscos-
ity of motor oil; this result was supported by a high correlation between the variables.
Even with a high concentration of diesel in the oil, the lubricating film of the tested
samples retained its load-bearing capacity. Contamination of motor oils with soot did
not confirm a significant increase in viscosity, but the concentration of soot did not
reach the limit values given in the literature.

• It has been demonstrated that the low water contamination in motor oil does not cause
a significant negative effect on lubricity, which led to the observation that the water
droplets do not come into tribological contact but bypass it.

• The lubricity and anti-wear properties of motor oils are not factors that would limit
the life of motor oils.

The presented results of the evaluation of the influence of physicochemical degrada-
tion and contamination of motor oils on lubricity are valid for the studied group of oils.
The number of experiments needs to be expanded to generalize the results.
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6. Wolak, A.; Zając, G. The kinetics of changes in kinematic viscosity of engine oils under similar operating conditions. Maint. Reliab.
2017, 19, 260–267. [CrossRef]

7. Macián, V.; Tormos, B.; Bastidas, S.; Pérez, T. Improved fleet operation and maintenance through the use of low viscosity engine
oils: Fuel economy and oil performance. Maint. Reliab. 2020, 22, 201–211. [CrossRef]

8. Agocs, A.; Budnyk, S.; Besser, C.; Ristic, A.; Frauscher, M.; Ronai, B.; Dörr, N. Production of Used Engine Oils with Defined
Degree of Degradation in a Large-scale Device. Acta Tech. Jaurinensis 2020, 13, 131–150. [CrossRef]

9. Skrzek, T.; Rucki, M.; Górski, K.; Matijošius, J.; Barta, D.; Caban, J.; Zarajczyk, J. Repeatability of High-Pressure Measurement in a
Diesel Engine Test Bed. Sensors 2020, 20, 3478. [CrossRef]

10. Spikes, H. Friction Modifier Additives. Tribol. Lett. 2015, 60, 5. [CrossRef]
11. Zhang, J.; Ewen, J.P.; Ueda, M.; Wong, J.S.S.; Spikes, H.A. Mechanochemistry of Zinc Dialkyldithiophosphate on Steel Surfaces

under Elastohydrodynamic Lubrication Conditions. ACS Appl. Mater. Interfaces 2020, 12, 6662–6676. [CrossRef] [PubMed]
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