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Abstract: Nowadays, a car’s engine oil change interval is an essential factor in reducing wear. The
correct choice depends on various factors. This study analyzes the changes in the composition of
three different engine oils (0OW30, 5W30, and 5W40) during the generally accepted oil change interval
(15,000 km) in gasoline and diesel cars during the post-warranty period. Commercially available
low-level biofuel blends (B7 and E10) were used to power test vehicles in a field test. Engine oil
samples were taken every 3000 km for more detailed analysis and tested in an accredited laboratory.
The contaminants in the engine oil were determined using several testing methods: spectrometric
analysis, gas chromatography, etc. Studies have shown that all used cars have an increase in the
number of iron particles, an increased concentration of silicon, and also an increase in the number
of nickel particles above 12,000 km. Tests also showed a sharp drop of molybdenum anti-friction
additives 4.5 times and a gradual increase in fuel concentration for the Opel Insignia over 12,000 km,
but over 9000 km, a significant increase in the concentration of chromium particles. Based on this
research results, it is preferable to choose a maintenance interval of no more than 12,000 km for cars
during the post-warranty period. In this way, the intensity of engine wear can be reduced due to the
loss of adequate protective properties of the engine oil.
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1. Introduction

Improvement of the environmental performance of internal combustion engines,
especially to meet the requirements for reduced carbon dioxide (CO,) emissions—a major
greenhouse gas—has been a global issue for the automotive industry for a long time and
will remain until the complete replacement of internal combustion (IC) engines in the future.
Considering that the major sources of CO; emissions are cars, trucks, and buses, as well as
the close connection of CO, with fuel consumption, improving engine efficiency and its
related solutions will continue to be relevant for engineers. In order to meet the necessary
ecological targets, vehicle manufacturers have also introduced various improvements
over time and used different solutions concerning engine design, operation, and exhaust
gas treatment: advanced combustion systems, waste heat recovery systems, etc. [1,2]. In
addition, engine downsizing, which allowed to reduce the weight and mechanical losses
of the engine, different advanced powertrain technologies gained application, including
hydrogen [3] and water injection, which was also studied by the authors [4].

It cannot be denied that considerable effort has been devoted to producing energy-
efficient vehicles and machinery [5] in the last decade, where the reduction of IC engine
friction was considered one of the possible solutions. As friction losses form about 11.5%
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of fuel energy in engines of typical passenger cars [5], lubrication of the contacting sur-
faces in the major engine subsystems will continue to represent a significant goal for the
development of low-friction base engines [6]. Although the lubrication process that occurs
within the lubrication systems is quite complex, and even today there is not a complete
understanding from the mechanical and physicochemical point of view [7], there are stud-
ies on lubrication models for IC engines in order to investigate the friction, wear, and
tribofilm formation on surfaces of moving parts, as well as the predicted lubricant life for
conventional lubrication systems [8,9].

At the same time, it should not be forgotten that the usage of fuel-saving lubricants,
together with emission reduction, will also reduce the life cycle of the vehicle, which
could have an even greater negative effect on the environment [10]. This already opens up
opportunities for this research and application of various coatings, thereby significantly
extending the life of the vehicle [10], without having a great impact on the environment.

Designing engine oil lubricants for low friction operation and energy efficiency is
also an important role that is dedicated to different additives like friction modifiers [11],
low viscosity lubricants, anti-wear additives, etc. The choice is wide enough and basically
depends on the field of application. In general, friction losses based on engine operation
are subdivided into viscous losses connected with lubricant flow and frictional losses
connected with boundary contact between systems [10]. The first ones could be reduced
using lower-viscosity oils and smaller displacement volumes, while frictional losses can be
reduced by using antifriction coatings and friction reduction additives in engine oil [10].
Environmental impact is also important in that case. For example, friction modifiers are
divided into two categories: inorganic and organic, where the last one includes fatty amides
and partial esters [12]. It should be noted that organic friction modifiers do not always
show better results than inorganic ones [12], but the desire for ecological contribution forces
scientists to look for the best solutions.

In this regard, another ecological problem can be inadvertently identified, which is
the use of mineral based oil lubricants, which are harmful to the environment due to
their nonbiodegradability and toxicity [13,14]. The use of biodegradable materials, such
as vegetable oils, could significantly change this situation due to their higher viscosity
index, good anti-wear characteristics, high load-carrying abilities, low toxicity [15,16], and
excellent coefficient of friction [17]. They can also be effectively used for boundary and
hydrodynamic lubrication because of the long fatty acid chain length and polar groups
present in the oil [18]. This was also confirmed by research [19], with the aim of replac-
ing mineral oil-based lubricants with biolubricants acquired from various vegetable oils.
Results confirmed that olive oil use as an engine lubricating oil for heavy-duty engines is
possible because of the better lubricating performance ensured by a lower coefficient of
friction, wear scar diameter, and worn scar surface area than conventional lubricating oil.
However, the number of such studies is limited.

Although this type of engine oil is not very popular now, fuel containing biofuel
(biodiesel or ethanol) is a usual thing, as it is possible to purchase it at almost any fueling
station in the EU. This could be applied to both gasoline and diesel in low-level blends. The
main advantages of biodiesel favorable to friction are enhanced scuffing protection perfor-
mance, effective film formation, and the presence of unsaturated fatty acid compounds [20],
while there are also some disadvantages like oxidation, instability of properties, moisture
absorption, acidic nature, etc. [21]. At the same time, ethanol has some tribological issues
connected with engine oil dilution and corrosion [21] due to the inherent oxygen and mois-
ture. Research [22] confirms that ethanol generally increases wear while having a minimal
impact on the aging performance of lubricant oil [23]. Therefore, it could be concluded
that conventional fuel modification by adding alternative fuels results in dilution and
degradation of engine oil, which affect thermodynamic efficiency as well as friction [24]
and increased wear in the contact pairs and bearing surfaces of an IC engine [1].

A significant role in the case of wear and changes in the physico-chemical properties
of the engine oil is also played by the quality of the oil. Increased temperature during
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engine operation affects the engine oil, resulting in increased wear and an increased
number of contaminants that make the oil look darker. It should be noted that engine oil
is exposed to 160 °C in gasoline engines and 315 °C in diesel engines [25]. Continuing
exploitation of the engine with dirty oil increases wear and heat inside the engine, which
can already have a negative impact on engine operation and, accordingly, fuel consumption.
Additionally, engine oil loses its lubricating properties if usage of the same engine oil is
realized for a long time [26]. Therefore, engine oil change interval has always been a
pressing question for vehicle users, especially when there is no single answer on the best
choice. Although automotive companies focus on new solutions regarding various direct
and indirect evaluation methods of oils using proper algorithms [25], a number of modern
base oils have also become available in wider, specially designed additive packages to
comply with demanding conditions [27]. Different statements can indeed cause confusion.
This is based on a number of studies, where the accuracy of these systems in terms of the
tribological properties of the oils does not agree with the recommendations implemented
by automotive companies [28].

Studies show that oil change intervals vary significantly, even from region to region.
For example, in China, 56.1% of car owners change the oil every 5000 km [29], in Europe,
every 10,000 to 30,000 km [30], while in Mexico, this interval is 10,000 km for Mazda cars or
5000 km for Nissan cars [31]. Mostly, it is based on two specifications—time and mileage,
whichever comes first. Time-based service intervals are applied to older vehicles as natural
degradation occurs in engine oil even if the user is not driving so frequently, and the quality
of such 0il can decrease due to various contaminations, like moisture. In the case of a
mileage-based service, the user should change the oil before reaching the mileage limitation.
This option is better suited for those who use the car on a daily basis and achieves higher
mileage faster. Therefore, oil replacement must be realized more frequently. It should be
noted that late replacement of used oil could increase repair costs of engine parts, while
premature change of suitable engine oil could influence the environment and could be
considered an inefficient action if resource depletion occurs [32].

The service life of the engine is largely related to the wear of the parts. Information
regarding component wear rate and the origin of trace metals could normally be predicted
by evaluating trace metal concentration increases in the lubricating oil based on usage
intensity [33]. As oil contains much abnormal wear debris due to reciprocating motion,
rotary motion, or adhesive and abrasive wear, a reduction in the anti-wear properties of
lubricating oil should be expected [34]. The number of studies related to the research of
the composition of wear products in engine oil with the increase in vehicle mileage is
limited, especially in the case of oils with different viscosity grades, while there are some
good examples.

For example, Kucera [35] studied wear particles using computer image analysis and
concluded that it is the best way to recognize the main cause of particle generation. It is also
highly recommended to change the oil immediately as soon as the first wear particles are
identified. At the same time, Dorr [36] observed that some additives, such as zinc dialkyl
dithiophosphate, used to reduce wear, can be lost and no longer detected after 6000 km
mileage. Zoldy [37] suggested a proven test cycle on a state-of-the-art engine for validation
of the fuel economy effect of engine oils, concluding that different engine oil additives
cause essential differences in fuel consumption, carbon footprint, and physical properties.

Idzior [27] has tested so-called “long-life” oils with a replacement interval every
30,000 km, and he concluded that in the case of diesel engines, it is possible to establish
an approximate mileage at which the oil should be changed, but for petrol engines, it is
practically impossible. He stated the importance of the driving style of the driver, the
area of use of a car with a turbocharged gasoline engine, and the high temperatures of the
engine on the quality of the oil, concluding that oil should be changed more frequently
than indicated by standards. Kral [38] agreed with that after testing 13 oil samples from
cars, where the on-board computer and the car producer recommended oil for exchange
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based on the fact that oil checking is realized with the use of an algorithm that evaluates oil
condition based on: cold start, driver profile, oil temperature, load, and engine speed.

Agocs [1] in a field study with petrol and diesel vehicles correlated fresh oil properties
with operating conditions, and he observed that lubricant performance can significantly
differ after a similar mileage, depending on different factors, including utilization profiles.
He also concluded that short-range petrol vehicles demonstrate faster oil degradation,
while diesel vehicles show more pronounced engine wear, as indicated by the iron content
in the oils.

Zaharia [32] analyzed samples of SAE 5W30 engine oil for parameters like viscosity,
density, flash point, contamination with fuel and solids, etc., taken from 14 cars. He
concluded that the analysis of the lubrication can identify much earlier the wear degree and
potential defects that may occur during the operation and proposed periodically analyzing
engine oils between two technical revisions, knowing clearly several influencing factors.
At the same time, another study [39] of fresh and used oils from vehicles with a mileage of
15,000 to 20,000 km concluded that the main changes in oil rheological parameters depend
on the condition of the drive unit.

Overall, a limited number of studies have been published concerning oil degradation
in ICEs of slightly used cars in a post-warranty period—most of the studies were carried
out on cars with an average age of 5 years [31]; representing a small part of the vehicle fleet
in Latvia. At the same time, most consumers strictly adhere to certain oil change intervals
recommended by the car manufacturer, but this is not always realized for used cars for
which the manufacturer’s warranty has expired. In this regard, it is essential to understand
whether the oil characteristics change during the same recommended interval or whether
it would be necessary to make appropriate adjustments to maintain engine performance
and reduce the possibility of wear. Therefore, field tests were performed on several slightly
used cars with gasoline and diesel engines powered by the commercially available fossil
fuel with biofuel additives—B7 (7% v /v biodiesel additive to fossil diesel) and E10 (10%
v/v ethanol additive to gasoline).

2. Materials and Methods

This study was conducted at the Faculty of Engineering and Information Technologies
of the Latvia University of Life Sciences and Technologies from December 2020 to December
2021. The vehicles selected for field tests were Euro 5: one Opel Insignia with a diesel
engine and two Peugeot 308 SWs with gasoline engines.

Cars in the post-warranty period were used for the tests. The total mileage of the cars
before the start of the tests did not exceed 125,000 km (gasoline cars) and 175,000 km (diesel
cars). Table 1 reports the main characteristics of test vehicles before tests.

Table 1. Cars used in research and their technical characteristics.

. Engine Oil Change Interval, Total Mileage
No. Vehicle Year Volume, L Fuel Power, kW km * before Tests, km
1. Peugeot 308 SW 2017 1.2 Gasoline 81 15,000 107,903
2. Peugeot 308 SW 2017 1.2 Gasoline 81 15,000 123,601
3. Opel Insignia 2014 2.0 Diesel 118 30,000 or 12 months 174,389

* Recommended by the manufacturer.

The cars used in this research were powered by fuel containing a small admixture
of biofuel—B7 (7% biodiesel and 93% fossil diesel (v/v)) and E10 (10% ethanol and 90%
gasoline (v/v)). Since the fuel complies with EU standards, no additional analyses were
performed. Starting a test, three mineral base oils with different viscosity grades were
chosen, and completely fresh oil was used for each car. The main characteristics of these
oils can be found in Table 2.
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Table 2. Engine oils used in tests.

Peugeot Peugeot Opel
Oil Parameters * 308 SW 308 SW Insignia
Castrol Edge Start-Stop Total Ineo First Valvoline Syn-Power
Viscosity grade 5W30 0W30 5W40
ACEA class C2 C1 C3
Kinematic viscosity at 40 °C, mm?-s~! 65 50.1 85
Kinematic viscosity at 100 °C, mm?-s~! 11.9 9.8 13.9
Density at 15 °C, kg-m 3 852 843 855
Pour point, °C —45 —48 —48
Flash point, °C 234 234 229
Total Base Number (TBN), mg KOH- g*1 8.4 6.0 10

Note: * data according to the product specification.

To evaluate the effects of the aging of the oil during tests, mileage before the mandatory
change of the oil was divided into 5 parts, and periodical sampling was carried out for every
3000 km with a slight delay depending on possible operating conditions. Oil samples from
each car were taken with the engine warmed up to operating temperature and quenched
for a period of time not exceeding 2 min to limit possible particle deposition. For testing,
the samples were sent to the “POLARIS Laboratories” branch in Poland, where monitoring
tests using spectrometric analysis and analysis of engine oil properties were performed.

All used lubricants were characterized from a physico-chemical point of view using
standard analytical equipment and methods. The presence of metals was determined using
spectrometric analysis according to ASTM D5185. Fuel contamination as a percentage of
the sample amount was determined by gas chromatography according to ASTM D7593.
The ash and water content as a percentage of the sample was determined with an FTIR
spectrometer according to ASTM E2412. Engine oil viscosity was measured according to
the standard ASTM D445. Oxidation in engine oil samples was determined simultaneously
with the determination of ash and water composition, according to ASTM E2412, using
Fourier transform infrared spectrometry. As there is no universal standard for alarm
parameters in engine oil except a guide teaching statistical techniques for evaluating the
reasonability of those limits [40], the critical and limit values were determined according
to laboratory testing methodologies based on the specific engine oil brand, composition,
vehicle mileage, and other factors.

In order to fully determine the metal content, the obtained results were compared
with a fresh, unused sample of the same engine oil.

3. Results

This research results are summarized in five sub-sections, depending on the type of
component or contaminant present in the oil.

3.1. Wear Metals

Research results confirm that all cars show a gradual increase in iron particles (Fig-
ure 1), which can be explained both by the mutual friction of engine assemblies and the
washing of engine oil against iron and steel parts, as well as the release of iron oxide under
the influence of acids. The presence of iron particles is considered a normal phenomenon
since it is impossible to completely exclude the occurrence of friction in the engine assem-
blies. Although the iron level is increasing, it does not reach the critical or threshold values
for any car. At the same time, a reduction of iron particles for Opel Insignia was observed
at 6000 km, explaining it with sediment of these particles in the oil filter. With the increase
in mileage, not all of those particles can be absorbed inside the filter.
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Figure 1. Iron particle concentration in engine oil.

Aluminum particles (Figure 2) for the Peugeot 308 SW made by PSA Group in Sochaux
(France) remained at the same low level both with SAE 5W30 and SAE OW30 engine
oil, whereas for the Opel Insignia made by General Motors in Riisselsheim (Germany), a
rapid increase in aluminum particles was observed after 9000 km of mileage. Aluminum
particles can be released when engine oil is flushed into the aluminum piping or crankcase
cover, as well as in the oil cooling heat exchanger, or as a result of friction between the oil
pump housing and the pump wheel. However, it should be noted that a content of 9 ppm
aluminum in engine oil is still a relatively low value that does not indicate a significant
intensification of wear processes.
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Figure 2. Aluminum particle concentration in engine oil.

At the same time, it has been found that the Opel Insignia has an increased chromium
content (Figure 3) in the engine oil at higher mileage, which may occur as a result of
friction between the cylinder and the compression rings. Chromium observed in the case
of the Peugeot 308 SW may have been released by engine oil washing against the stainless
steel pipes, as there was no evidence of damage to this car. For Peugeot 308 SW, both
with SAE 5W30 and SAE OW30 engine oils, the chromium level remains consistently low
throughout the entire o0il change interval and does not reach the limit values, concluding
that no significant release of chromium is observed as a result of wear. For Opel Insignia,
the level of chromium particles was moderately high throughout the oil change interval
and reached its maximum value at 12,000 km. Chromium is used in the manufacture of
piston ring coatings, which is most likely the cause of the presence of chromium particles
in these samples. As the piston rings rub against the cylinder walls, chromium particles
could enter the engine oil.
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Figure 3. Chromium particle concentration in engine oil.

Despite the fact that the number of particles is not high, wear on the compression rings
is possible in the future. The reduction in concentration of chromium particles for Opel
Insignia from 12,000 to 15,000 km was probably due to an error in the measuring system or
a contamination in the oil sample.

Nickel is used in the manufacture of slide bearings, and its presence in the engine oil
samples of all vehicles after higher mileage indicates increased friction or washout of the
slide bearings. As can be seen from Figure 4, the number of nickel particles is negligible
and does not indicate a significant intensification of wear processes; however, it serves as
an indicator of the degradation of the engine 0il’s lubricating ability.

1.2
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Figure 4. Nickel particle concentration in engine oil.

With the increase in mileage since the engine oil change, an increase in copper particles
(Figure 5) was observed in all the cars used in the test. Release of copper particles is possible
when valve stems rub against valve guides made of copper alloy—bronze; as well as a
result of friction occurring in bronze bushings. In none of the cars does the amount of
copper particles reach high values, which indicate typical, normal wear of parts as a result
of friction.



Energies 2023, 16, 7955

8of 17

M Peugeot 308 SW with 5W30
m Peugeot 308 SW with OW30
Opel Insignia with 5W40

5 5 5
4 4 4 4 4 4
4
3 3 3 3 3 3
2
1
0 0o o
0
reference  2ndsample 3rdsample 4thsample 5thsample 6thsample
sample (=3,000 km) (=6,000 km) (=9,000 km) (=12,000 km) (=15,000 km)

Copper, ppm
w

Figure 5. Copper particle concentration in engine oil.

3.2. Multi-Source Metals

From Figure 6, it can be seen that a large amount of titanium particles was detected for
the Peugeot 308 SW with SAE 5W30 engine oil, which gradually decreased with increasing
mileage. In this case, titanium is added as an engine oil additive to improve its anti-friction
properties. In the Peugeot 308 SW with SAE 0W30 engine oil and Opel Insignia, a much
lower number of titanium particles was detected with a similar trend, which indicates
that titanium was also used as an additive in these engine oils, only in a relatively lower
concentration. At the same time, the concentration of titanium particles in the Peugeot 308
with 5W30 could be reduced due to the degradation of this friction reduction additive with
the increase in oil usage.

30
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Figure 6. Titanium particle concentration in engine oil.

Molybdenum was used as an additive metal in the engine oils of all cars used in the
experiment to improve their anti-friction properties. As can be seen in Figure 7, a higher
concentration of molybdenum additive was detected for the Peugeot 308 SW with SAE
0W30 engine oil. Such indicators can be explained by the fact that molybdenum additives
are used in engine oil to ensure anti-friction properties. Molybdenum is also used in iron
alloys, especially in the manufacture of piston rings, so an increase in molybdenum can
indicate wear on the piston rings.

The concentration of molybdenum particles in the samples of all cars used in the
experiment remains at a uniform level throughout the entire oil change interval, but in the
period between sample 4 and sample 5, an increase in the number of molybdenum particles
was observed for the Peugeot 308 SW with both engine oils used in the experiment. This
could be a characteristic of increased friction between the piston rings and the cylinder
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walls caused by the low viscosity of the engine oil and the increased fuel concentration. A
rapid decrease in the number of molybdenum particles was observed for Opel Insignia
during this period, which indicates the depletion of additives.

Boron is usually added to engine oil as a flushing additive to clean the engine. An
increase in boron particles, combined with an increase in sodium and potassium, could
indicate a coolant leak; however, no increase in these elements was detected. Therefore,
it can be concluded that boron was added as an engine oil additive to improve the 0il’s
flushing properties. Figure 8 shows that for a Peugeot 308 SW with SAE 5W30 engine
oil, the number of boron particles remains constant throughout the oil change interval,
but using SAE OW30 engine oil, a higher initial concentration of boron particles and
their gradual decrease were observed. This can be explained by the gradual depletion of
rinsing additives.

500 -
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Figure 7. Molybdenum particle concentration in engine oil.
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Figure 8. Boron particle concentration in engine oil.

The number of antimony and manganese particles in the engine oil samples of all
cars was not analyzed as it remained steady without sharp jumps. Probably antimony and
manganese were added in small amounts as additives, while, for example, the lithium
additive was not detected at all.

3.3. Contaminants

This section summarizes the data on the concentration of pollution elements in the
engine oil samples obtained as a result of the engine oil monitoring analyses. Contamination
elements could enter the engine oil from the environment, cooling, and technical fluids, as
well as fuel leaks in the lubrication system.
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One of such elements is silicon, which can get into the engine oil in the form of dust
particles or when the engine oil washes over the components of the engine structure, for
which silicone sealant was used during assembly. Silicon can also be added as an engine oil
additive in small amounts. Getting dust particles into the engine oil is a normal and natural
phenomenon, especially in dry weather, when wind-blown dust can get into the engine oil.

As can be seen from Figure 9, the silicon concentration for the Peugeot 308 SW with
SAE 0W30 engine oil reached a critical limit at 9000 km mileage, but then the silicon level
decreased again. Considering the construction of the wet timing belt used in this car
(similar to the drive chain, the timing belt is inside the engine block, in a constant bath of
engine oil), the presence of silicon could also be explained by the flushing of the engine oil
against the timing belt. On the Opel Insignia, shortly before the start of the experiment,
engine repairs were carried out, which resulted in an increased presence of silicon particles
in the engine oil samples. Since the construction of both cars is carried out in such a way
that the crankcase cover is screwed to the engine block and silicone sealant is used as
a sealing element between these surfaces, the presence of these particles could also be
explained by the washing of engine oil against the used silicone sealant.
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Figure 9. Silicon particle concentration in engine oil.

This study confirms that fuel pollution is high for all the cars used in the test. The
presence of fuel in the engine oil usually indicates damage to the fuel injection system or
wear of the cylinder walls and piston rings of the engine block, as a result of which an
increased portion of the fuel mixture enters the crankcase, where the fuel settles and mixes
with the engine oil. The presence of fuel significantly reduces the viscosity; therefore, the
ability of the engine oil to provide a full-fledged oil film and the formation of an oil wedge
in the engine nodes are reduced.

Figure 10 shows that the Opel Insignia has a steady increase in fuel concentration,
which increases significantly between 12,000 and 15,000 km. Some laboratories indicate
the permissible fuel content in oil is 2-4%. However, there are no specific standards in this
regard, and the presence of fuel in engine oil may be a temporary phenomenon.

In the case of the Opel Insignia, a faster development of flushing additives was also
observed, which could explain the inability of engine oil to neutralize the increased amount
of fuel. In the Peugeot 308 SW, with both types of engine 0il, a high concentration of fuel
was observed, which could be due to a part of the fuel mixture leaking from the cylinder to
the block artery. Such high fuel readings indicate wear on the piston rings and cylinder
walls. Considering that the fuel used in the car is gasoline, the fluctuation shown in the
graphs using SAE 5W30 engine oil in the car should be explained by the evaporation of
gasoline as the engine oil heats up. For the same reason, when using SAE 0W30 engine oil
in a car, no sharp increase or decrease in fuel concentration was observed.
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Figure 10. Fuel concentration (wt.%) in engine oil.

3.4. Additive Metals

Additionally, attention was paid to the number of additive metals in the analyzed
engine oil samples. Usually, additive metals are added to the base engine oil to improve
its properties and should remain at the same level throughout the oil change interval. The
reduction of such additives most often indicates the end of the engine oil’s service life.

As a rule, magnesium, calcium, and barium are added to engine oils as flushing
additives, the task of which is to clean the lubrication system from oil sludge and prevent
the formation of ash deposits in the oil. Based on the results obtained in the test, it is
possible to determine that only SAE 0W30 engine oil used in the Peugeot 308 SW had a
barium additive added, and this additive was not detected in the other engine oil samples.
The magnesium level for all cars remained at a steady level, except the Peugeot 308 SW
with SAE 5W30, which showed a sharper decrease between 3000 and 6000 km. Despite
this jump, the data obtained during the analyses did not indicate any damage or excessive
development of barium and magnesium additives. This study found that a stable amount
of calcium additives (Figure 11) was observed in the Peugeot 308 SW with both types of
engine oil, but in the Opel Insignia, at the end of the oil change interval, a rapid decrease in
calcium additives was found at the engine oil change, which may indicate a rapid depletion
of additives.
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Figure 11. Calcium particle concentration in engine oil.

3.5. Viscosity and Other Properties

Figures 12 and 13 demonstrate a steady, gradual decrease in viscosity for all samples
over their first lifetime, i.e., up to a mileage of about 3000 km. This phenomenon can be
attributed, among other factors, to the impact of oil dilution by fuel, which consistently
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penetrates the crankcase in small amounts. Subsequently, the kinematic viscosity value of
the oils stabilizes or slightly decreases.
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Figure 12. Viscosity of engine oil samples at 40 °C.
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Figure 13. Viscosity of engine oil samples at 100 °C.

However, it was found that the presence of fuel in the oil did not lead to a decrease
in the kinematic viscosity of the oil below the permissible limit specified in the SAE J300
standard. According to this standard, the minimum value of the kinematic viscosity
measured at 100 °C cannot be lower than 3.8 ¢St (Figure 13). Also, it should be pointed out
that a small amount of fuel is often found in engine oil, as confirmed by research conducted
by Xe et al. [41].

Figure 14 demonstrates an increase in oxidation for the Peugeot 308 SW with SAE
5W30 engine oil at 15,000 km. This can be explained by the sampling time in the summer
months—July and August 2021.

At this time, air temperatures were higher; therefore, the temperature of the engine and
engine oil also increased, accelerating the oxidation of the engine oil. For the Opel Insignia,
the oxidation remained at a steady level, but for the Peugeot 308 SW with SAE 0W30 engine
oil, the oxidation level increased. No critical values were found in any test. According to
engine oil manufacturers, the permissible limit for oxidation is 25 abs-cm ™! [42]. It should
be noted, however, that there are no limit values for the indicated parameter that would be
specified in the appropriate standards.

The total base number (TBN) indicates the engine 0il’s ability to neutralize acids that
enter the engine oil. As the TBN decreases, the engine oil is no longer able to neutralize
the acids that are produced in the crankcase when the combustion gases mix with the
engine oil.
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Figure 14. Oxidation of engine oil.

As a result, the environment inside the engine becomes more acidic than necessary,
and oxidation of the iron in the engine structure occurs. Engine oil whose TBN has reached
its limit or critical value is recommended to be replaced. Figure 15 shows that the TBN
for all the cars used in the experiment decreased during the length of the engine oil
change interval.

15
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TBN, mg KOH-g™*

reference  2ndsample 3rdsample 4thsample 5thsample 6thsample
sample (=3,000 km) (=6,000 km) (=9,000 km) (=12,000 km) (=15,000 km)

Figure 15. TBN of engine oils.

For the Opel Insignia, between 12,000 and 15,000 km of mileage, a sharper reduction in
TBN was observed, which indicates the end of the engine o0il’s working life. For a Peugeot
308 SW with SAE 5W30 engine oil, the TBN reached the limit at 15,000 km. Using SAE
O0W30 engine oil, TBN fluctuated around the threshold value from 6000 to 12,000 km, after
which the total number of bases decreased sharply, and at a mileage of 15,000 km, it already
reached a critically low value.

4. Discussion

The IC engine is a very complicated technical and chemical system where the degra-
dation of lubricant could be affected by many factors in interaction with other elements
and fluids at relatively high temperatures. Accurate estimation of engine oil lifetime was
always an actual task for vehicle manufacturers, as it was directly connected with addi-
tional costs in cases of frequent oil changes. At the same time, untimely engine oil changes
can contribute to engine damage, which contributes to larger unexpected costs. While the
setting of oil change intervals is widely described in many literature sources, precise results
can only be confirmed by detailed scientific studies.
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The concentration of iron, which is the basic chemical element in the construction of
engines, increased during the operation process. This was accompanied by higher silicon
concentrations, which may indicate greater engine wear [43]. A slight increase in the
nickel particles used in the slide bearings was observed, reaching 12,000 km for all test
cars. An accelerated depletion of calcium and molybdenum additives was observed for
the Opel Insignia after 12,000 km of mileage, which could be based on tribofilm partially
removing from the sliding surfaces, resulting in the removal of film particles. Therefore,
these particles cannot be dissolved again in the engine oil and are then sedimented or
filtered out by the oil filter [1].

A rapid drop in TBN was observed for Peugeot 308 SW with SAE 0W30 engine
oil used after 12,000 km of mileage, as a result of which the ability of the engine oil
to neutralize acids caused by incomplete fuel combustion decreased rapidly, which is
important in protecting the engine components from corrosion [44] and may be used as
an indication for the engine oil’s replacement time [45]. Loss of additives resulted in
an increase in degradation products, like oxidation, which was also observed in another
study [46]. Similar to Golebiowski’s study [30], this research also confirms an upward
trend in oxidation depending on the degree of oil use. As oxidation severely reduces the
oil’s ability to protect internal components [44], an increase in wear is also obvious, which
was observed in this research. Oxidation can also affect the viscosity [44], which showed a
slight decrease at the end of the oil change interval. Similar results of viscosity reduction
were also observed in other research [43], where the decrease in kinematic viscosity did not
exceed a limit of 15-20% of the new oil after 21,000 km of mileage.

Considering these results, it is preferable to choose a maintenance interval of no more
than 12,000 km for cars in the post-warranty period. In this way, as the oil change interval
approaches its end, the number of parameters that have exceeded the critical limit will
decrease, and the chances of engine damage will also decrease as the engine oil loses some
of its properties.

Also, the different driving habits of drivers and car operating modes should be con-
sidered. Driving in city mode, the engine oil degrades faster compared to extra-urban
or combined driving modes. Research [1,47] agrees that lubricant performance strongly
depends on the utilization profile of vehicles, and field tests could provide the necessary
input to produce lubricants close to reality. At the same time, another solution for a more ac-
curate determination of the maintenance period could be used. It is necessary to determine
this period in engine hours, not depending on kilometers driven. In this way, it would be
possible to determine a single technical maintenance period that would be equally helpful
for most drivers and would allow for avoiding situations where the car owner would have
to analyze his driving mode and choose the corresponding engine oil change interval.

Another important aspect of extending the life of the engine is the choice of high-
quality engine oil. As a rule, high-quality and well-known brands of engine oils contain a
more complete additive package, which allows the engine oil to last longer and ensures
its ability to perform its function more fully even when the maintenance period is nearing
its end. At the same time, it does not guarantee that the quality of the oil will be ensured
at the same level throughout the period of operation recommended by the manufacturer,
which is also confirmed by other studies [38].

Examining Opel Insignia engine oil test reports revealed that the Valvoline Syn-Power
additive package of the used engine oil does not match the laboratory’s available data on
the additive composition of this brand and viscosity. Although nothing was found in the
used engine oil, which would indicate that the engine oil was not in accordance with the
specifications of the car manufacturer, this situation shows that oil bought in stores will
not always correspond to the characteristics written on the package. For this reason, it is
necessary to pay attention to the quality of engine oil at the time of its purchase.

Another option could also be the use of nano-additives, as the aging of the lubricant
does not alter the performance of the nano-additive, and based on other research [44], for-
mulated nano-additives appear to be a good low-cost solution to reduce fuel consumption
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without engine modification. Although such advanced lubricants need to be evaluated in
“real-world” systems to confirm their beneficial performance, selecting the proper vehicle
or system-level test [48].

When making a choice for the engine oil, the client must be sure that the oil fully meets
the specifications set by the car manufacturer, as the composition of the oil can directly
harm the operation of the engine. For example, the Peugeot 308 SW uses a wet timing
belt design, and if an ester-based engine oil were used in this car, the timing belt would
gradually break down, rubber particles would clog the lubrication channels, the engine
would be starved of oil, and its service life would be noticeably reduced. Therefore, in the
specific car as well as in all cars in general, it is necessary to use engine oil that meets the
specific standard set by the manufacturer.

Overall, although there are methods of determining the optimal oil change interval
for both diesel and gasoline vehicles [49,50], regular oil analysis or measurement of oil
condition in real time would be an excellent choice for monitoring lubricant condition, but
this cannot always be conducted by an ordinary car owner. Therefore, it would be rec-
ommended to establish a well-functioning engine lubricant condition monitoring scheme,
providing early detection of engine and lubricant issues. Although car manufacturers
have developed appropriate recommendations, this scheme should always be given more
attention during the car’s post-warranty period to avoid unexpectedly high costs related to
engine repairs.

5. Conclusions

1.  Particles of various metals were detected in the tested oils, which may indicate
progressive engine wear. However, in this respect, there are no limit values specified
in the relevant standards, which makes the interpretation of the results difficult. For
this reason, the obtained test results should be interpreted in relation to the reference
parameters of fresh oil.

2. The presence of nickel in engine oil was not detected during vehicle operation. Trace
amounts of nickel detected in the final phase of the test do not indicate progressive
engine wear.

3. Anincreased content of chromium particles was reached for the Opel Insignia at 9000
and 12,000 km, indicating increased friction between the piston rings and the cylinder
walls.

4. A rapid drop of molybdenum anti-friction additives by 4.5 times and flushing of
calcium additives by 32% were observed for the Opel Insignia, indicating a rapid
depletion of the additives and the end of the engine 0il’s service life.

5. A gradual increase in fuel concentration by 2% between 12,000 and 15,000 km and
exceeding the critical limit by 32% has been observed for the Opel Insignia car running
on diesel fuel.

6. A gradual decrease in viscosity has been observed for the Opel Insignia, while reduced
viscosity during the entire maintenance period was observed for the Peugeot 308 SW
with SAE OW30 engine oil. However, the obtained viscosity values remained above
the limit specified in the SAE J300 standard.

7. A decrease in the TBN was observed for all cars used in the test. For a Peugeot 308
SW with 5W30 engine oil used, the TBN limit value had been reached at the time
of taking the 5th sample. While using SAE 0W30 engine oil, the TBN at the time of
taking the 5th sample was 2.8 times lower than the critical limit.
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