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Abstract

The present study investigates the physicochemical degradation and wear metal evolu-
tion of low-viscosity SAE 0W-20 engine oil during the first service interval of a modern
gasoline internal combustion engine. Two oil samples were analyzed: fresh lubricant
and used oil collected after approximately 13,000 km of vehicle operation. The analysis
included determination of kinematic viscosity at 100 ◦C (ASTM D445), total base number
(ASTM D2896), FT-IR spectroscopic indicators of chemical degradation (ASTM E2412),
and elemental analysis of wear and additive metals using ICP-OES (ASTM D5185). The
results show a viscosity reduction from 8.5 to 7.01 mm2/s and a decrease in the alkalinity
reserve to 3.7 mgKOH/g, indicating progressive lubricant aging. FT-IR analysis revealed
moderate oxidation, nitration, and sulfation processes, while elemental analysis identified
Cu, Fe, and Al as the dominant wear metals. The observed changes correspond primarily
to normal oil aging and engine running-in processes. The results demonstrate the effective-
ness of combined oil analysis techniques for monitoring lubricant degradation and early
engine wear.

Keywords: SAE 0W-20 engine oil; lubricant degradation; wear metals; FT-IR oil analysis;
kinematic viscosity; total base number; ICP-OES elemental analysis; internal combustion
engine; lubricant aging

1. Introduction
The continuously increasing number of vehicles worldwide and the rapid expansion

of road transportation in recent years meet the ever-growing societal demand for mobility.
Internal combustion engines (ICEs) remain the dominant power units for a wide range
of transportation applications, particularly in passenger cars, commercial vehicles, and
heavy-duty machinery. Despite the increasing development of electrified propulsion
systems, ICE-powered vehicles still constitute the majority of the global vehicle fleet due
to their high energy density, established infrastructure, and technological maturity. As a
result of the large number of vehicles in operation, continuous research efforts are focused
on improving engine efficiency and reducing harmful exhaust emissions [1–5]. These
optimization activities include advancements in combustion strategies, fuel formulations,
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lubrication systems, and engine component design. Improving the tribological performance
of engine components and lubricants plays a crucial role in reducing mechanical losses,
enhancing durability, and contributing to overall engine efficiency.

Engine lubricating oils perform several essential functions in internal combustion
engines, including the reduction in friction and wear between moving components, removal
of heat from highly loaded zones, sealing of combustion gases between piston rings and
cylinder liners, corrosion protection, and suspension of contaminants generated during
operation. The effectiveness of these functions depends strongly on the physicochemical
properties of the lubricant, which evolve continuously during engine operation due to
thermal, mechanical, and chemical stresses [6].

Modern engine oils are complex formulations made of a base oil and a carefully
engineered additive package. The base oil provides the fundamental lubricating proper-
ties, while additives enhance performance by improving oxidation stability, protecting
surfaces from wear, neutralizing acidic combustion products, and maintaining engine clean-
liness. During service, both the base oil and additives undergo degradation processes that
gradually modify the lubricant’s chemical composition and tribological performance [7].

Among the various lubricant properties, viscosity is widely recognized as one of the
most important parameters influencing lubrication performance. Viscosity represents the
internal resistance of a fluid to flow and determines the capability of the oil to form a
hydrodynamic film separating interacting surfaces. When the viscosity is sufficient, a stable
lubricating film develops in components such as crankshaft bearings, camshaft interfaces,
and piston–cylinder contacts, preventing direct metal-to-metal interaction and significantly
reducing friction and wear. However, if viscosity becomes too low, the lubricating film may
collapse, leading to increased asperity contact and accelerated component degradation [8].

In contemporary engine design, viscosity grades are standardized according to the SAE
J300 classification system, which defines performance requirements at both low and high
temperatures. Low-viscosity oils such as SAE 0W-20 have become increasingly common in
modern gasoline engines due to their ability to reduce hydrodynamic friction losses and
improve fuel economy. Several experimental studies have demonstrated that reducing
lubricant viscosity can lead to measurable improvements in mechanical efficiency and fuel
consumption. However, the reduced viscosity also decreases the thickness of the lubricating
film, which may increase the sensitivity of the lubrication regime to contamination, additive
depletion, and degradation processes [9].

During engine operation, lubricants are subjected to high temperatures, mechanical
shear, and exposure to combustion products. These conditions lead to progressive oil aging,
which manifests through several physicochemical changes such as viscosity variation, addi-
tive depletion, oxidation, contamination, and accumulation of wear particles. Monitoring
these changes provides valuable information about both lubricant performance and engine
operating conditions [10].

One important parameter related to lubricant aging is the alkalinity reserve of the oil,
commonly expressed as the total base number (TBN) or alkalinity number. This parameter
characterizes the ability of the lubricant to neutralize acidic products generated during
combustion and oxidation processes. Detergent additives based on calcium and magnesium
compounds are responsible for maintaining this alkalinity reserve. As these additives react
with acidic species during engine operation, the alkalinity gradually decreases. Monitoring
the alkaline number therefore provides insight into the remaining protective capability of
the lubricant and its resistance to corrosive degradation [11].

In addition to chemical degradation, the lubricant is also affected by contamination
originating from various sources. Water contamination may occur due to condensation
inside the crankcase or through external leakage. Even small amounts of water can accel-
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erate oxidation reactions, reduce lubrication efficiency, and promote corrosion of metallic
surfaces. Water content is therefore commonly monitored as an indicator of lubricant
contamination and potential engine operating issues [12].

Another important contaminant in engine oil is soot or carbonaceous material pro-
duced during incomplete combustion. These particles are transported into the lubricant
through blow-by gases and become suspended in the oil by dispersant additives. Increasing
soot concentration can significantly alter the rheological behavior of the lubricant, leading
to viscosity increase, abrasive wear, and deposit formation in engine components. The
accumulation of carbon-based contaminants is therefore an important indicator of lubricant
degradation and engine operating conditions [13].

Chemical degradation of engine oil during service is often evaluated through spec-
troscopic indicators such as oxidation, nitration, and sulfation. Oxidation occurs when
lubricant molecules react with oxygen at elevated temperatures, forming oxygen-containing
compounds such as aldehydes, ketones, and carboxylic acids. These reactions may lead
to viscosity increase, sludge formation, and depletion of antioxidant additives. Nitration
results from reactions between lubricant molecules and nitrogen oxides produced during
combustion, particularly in high-temperature regions of the engine. Sulfation processes
originate from sulfur-containing combustion products interacting with the lubricant. The
monitoring of oxidation (COx), nitration (NOx), and sulfation (SOx) indices therefore
provides valuable information regarding the chemical aging mechanisms of the oil during
service [14].

In addition to chemical degradation products, engine oil contains metallic particles
originating from wear of internal components. The analysis of wear metals in used oil
is widely applied as a diagnostic tool for evaluating engine condition and identifying
potential mechanical problems. Different elements are associated with wear of specific
engine components. For example, iron is typically related to wear of cylinder liners,
camshafts, and other steel components, while aluminum may originate from piston skirts
or aluminum-based engine structures. Copper is often associated with bronze bushings or
bearing alloys, and chromium may indicate wear of surface-hardened components such as
piston rings [15].

In addition to wear metals, certain elements detected in used oil may indicate contam-
ination from external sources. Silicon is commonly associated with the ingress of airborne
dust through the intake system or inadequate air filtration. Because silica particles are
highly abrasive, elevated silicon concentrations in engine oil may significantly accelerate
wear processes within the engine. Sodium may indicate contamination from coolant leaks,
as sodium compounds are frequently present in antifreeze formulations. The presence of
such elements in lubricant analysis can therefore provide early warning of mechanical or
sealing failures in engine systems [16].

A significant portion of the elemental composition of engine oil originates from the ad-
ditive package itself. Modern lubricant formulations contain a variety of metallic additives
designed to enhance performance and durability. Calcium and magnesium compounds
are commonly used as detergent additives that neutralize acidic combustion products
and prevent deposit formation. Zinc and phosphorus are typically present in the form of
zinc dialkyldithiophosphate (ZDDP), one of the most widely used anti-wear additives in
engine lubrication. Under high pressure and temperature conditions, ZDDP decomposes to
form protective tribofilms on metal surfaces, reducing adhesive wear and surface damage.
Monitoring the concentration of these additive elements provides insight into additive
depletion and lubricant aging during service [17].

Because engine oil simultaneously undergoes chemical degradation, contamination,
and additive depletion during operation, a comprehensive oil analysis typically includes
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several complementary parameters. These include viscosity, alkalinity reserve, contami-
nation indicators, spectroscopic degradation indices, wear metals, and additive elements.
Together, these parameters provide a detailed picture of lubricant condition and engine
performance during the service interval.

Low-viscosity oils such as SAE 0W-20 are particularly relevant in this context because
they are widely used in modern gasoline engines designed for improved fuel efficiency.
However, the reduced viscosity of these lubricants may make them more sensitive to
contamination and degradation processes, particularly during extended service intervals.
Understanding the evolution of lubricant properties during the first oil service interval of a
new engine is therefore important for evaluating lubricant performance and early-stage
wear behavior.

The present study investigates the aging behavior of a low-viscosity SAE 0W-20
engine oil during its first service interval in a gasoline engine. The analysis compares the
physicochemical properties of the fresh lubricant with those measured after approximately
13,000 km of vehicle operation. Particular attention is given to viscosity changes, alkalinity
variation, contamination indicators, spectroscopic degradation indices, and the evolution
of wear and additive elements in the lubricant.

By examining these parameters, the study aims to provide insight into lubricant
degradation mechanisms and early engine wear processes during the initial operat-
ing period. Such information is valuable for understanding the performance of low-
viscosity lubricants in modern engines and for optimizing maintenance strategies and oil
change intervals.

2. Material and Methods
2.1. Engine Oil and Sampling Procedure

The present study investigates the physicochemical degradation and wear metal
evolution of a low-viscosity SAE 0W-20 engine oil during the first service interval of a
modern gasoline internal combustion engine. Two oil samples were analyzed: a fresh oil
sample (unused lubricant) and a used oil sample collected after approximately 13,000 km
of vehicle operation.

The tested lubricant belongs to the class of ultra-low-viscosity engine oils designed
to reduce hydrodynamic friction losses and improve fuel economy in modern gasoline
engines. Such oils typically contain a highly refined synthetic base oil combined with an
advanced additive package consisting of detergents, dispersants, antioxidants, anti-wear
additives, viscosity modifiers, and corrosion inhibitors.

The fresh oil sample was collected directly from a sealed container prior to engine
operation in order to establish the baseline physicochemical properties of the lubricant.
The used oil sample was collected during the first scheduled oil change of the vehicle after
approximately 13,000 km of operation under normal driving conditions.

Sampling of the used lubricant was performed immediately after engine shutdown
while the oil was still warm in order to ensure homogeneous suspension of contaminants
and wear particles.

Prior to analysis, the samples were visually inspected to identify potential contamina-
tion or phase separation. All measurements were performed under controlled laboratory
conditions in accordance with standardized test procedures.

To evaluate the degradation behaviour of the lubricant during service, several comple-
mentary analytical methods were employed. These methods include viscosity measure-
ment, determination of the alkalinity reserve, infrared spectroscopic analysis of chemical
degradation products, and elemental analysis of wear metals and additive elements.
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2.2. Determination of Kinematic Viscosity

The viscosity of the engine oil samples was determined according to ASTM D445,
which is the standard test method for determining the kinematic viscosity of transparent
and opaque liquids. The measurement procedure is based on determining the time required
for a fixed volume of liquid to flow through a calibrated capillary viscometer under the
influence of gravity.

Viscosity measurements were performed at 100 ◦C, which is the standard reference
temperature for engine oil characterization according to the SAE viscosity classification
system. Prior to testing, the samples were thermostatically conditioned in a temperature-
controlled bath to ensure stable measurement conditions.

Various conventional and sensor-based techniques can be used to evaluate engine oil
viscosity [18]. In the present study, the viscosity of the engine oil samples was determined
according to ASTM D445.

2.3. Determination of Total Base Number

The alkalinity reserve of the lubricant was evaluated through determination of the
total base number according to ASTM D2896.

TBN represents the amount of basic substances present in the lubricant that are capable
of neutralizing acidic products generated during combustion and oxidation processes.
These basic components are typically provided by detergent additives containing calcium
or magnesium compounds.

The ASTM D2896 method determines TBN through potentiometric titration using
a strong acid solution. During the test, a known quantity of oil sample is dissolved in a
suitable solvent mixture and titrated with a standardized acid solution until the endpoint
is reached. The endpoint is determined by monitoring the change in electrode potential.

The total base number is expressed in units of milligrams of potassium hydroxide per
gram of oil (mg KOH/g).

A decrease in TBN during engine operation indicates consumption of detergent ad-
ditives and progressive depletion of the oil’s neutralization capacity. Monitoring the
alkalinity reserve therefore provides valuable information regarding lubricant degradation
and remaining service life.

2.4. Infrared Spectroscopic Analysis of Oil Degradation

Chemical degradation processes occurring in the lubricant during service were investi-
gated using Fourier-Transform Infrared Spectroscopy (FT-IR) according to ASTM E2412.

FT-IR spectroscopy is widely used in lubricant condition monitoring because it enables
rapid identification of chemical functional groups present in the oil. Changes in the
infrared absorption spectrum can be correlated with oxidation, nitration, sulfation, and
contamination processes occurring during engine operation.

Specific spectral regions corresponding to characteristic chemical bonds were analyzed
in order to evaluate degradation processes in the lubricant. In particular, the following
indicators were monitored:

• Oxidation index (COx)—associated with carbonyl compounds formed during oxida-
tion of the base oil.

• Nitration index (NOx)—related to reactions between lubricant molecules and nitrogen
oxides generated during combustion.

• Sulfation index (SOx)—associated with sulfur-containing combustion products inter-
acting with the lubricant.

• Water contamination—detected through absorption bands associated with O–H
stretching vibrations.
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The FT-IR method enables rapid identification of degradation trends by comparing the
spectral characteristics of the fresh and used oil samples. In this study, the spectroscopic
indices were used to assess the chemical aging mechanisms occurring during the first
service interval.

2.5. Elemental Analysis of Wear Metals and Additives

The concentration of metallic elements present in the engine oil samples was deter-
mined according to ASTM D5185, which specifies the use of inductively coupled plasma
optical emission spectrometry (ICP-OES) for multi-element analysis of lubricants.

This analytical technique allows simultaneous detection of both wear metals originat-
ing from engine components and metallic elements associated with lubricant additives.

Wear metals originate from mechanical interaction between engine components and
provide information regarding wear processes occurring during operation. Typical ele-
ments include:

• Iron (Fe)—associated with wear of cylinder liners, camshafts, gears, and other
steel components.

• Aluminum (Al)—typically related to wear of piston skirts or aluminum engine structures.
• Copper (Cu)—associated with bronze bushings and bearing materials.
• Chromium (Cr)—may indicate wear of surface-hardened components such as piston rings.

Certain metallic elements originate from the lubricant additive package. Monitoring
their concentration provides information regarding additive depletion during service.
Typical additive elements include:

• Calcium (Ca)—detergent additive responsible for neutralizing acidic combustion
products.

• Magnesium (Mg)—detergent and dispersant additive.
• Zn (Zinc) and Phosphorus (P)—present in anti-wear additives such as zinc di-

alkyldithiophosphate (ZDDP).

Some elements detected in used oil may indicate contamination from external sources
or engine malfunction. These may include:

• Silicon (Si)—typically associated with dust contamination entering through the
intake system.

• Sodium (Na)—may indicate coolant contamination.

The concentrations of these elements were measured in parts per million (ppm) and
compared between the fresh and used oil samples to evaluate the evolution of wear
processes and additive depletion during the first service interval.

2.6. Data Analysis

The obtained experimental results were analyzed by comparing the physicochemical
parameters of the fresh and used oil samples. The analysis focused on identifying changes
in viscosity, alkalinity reserve, chemical degradation indicators, and elemental composition.

Particular attention was given to correlations between lubricant degradation indicators
and wear metal concentrations, as these parameters provide insight into the tribological
behavior of engine components during the early stages of engine operation.

The combination of viscosity measurements, spectroscopic analysis, alkalinity deter-
mination, and elemental analysis provides a comprehensive characterization of lubricant
aging processes and allows evaluation of the condition of both the lubricant and the engine
during the investigated service interval.
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3. Results and Discussion
3.1. Changes in Kinematic Viscosity and Alkalinity of the Engine Oil

The physicochemical condition of the investigated SAE 0W-20 engine oil was evaluated
by comparing the properties of the fresh lubricant with those of the oil sample collected after
13,000 km of operation in a new gasoline engine. Among the most important indicators of
lubricant degradation are the kinematic viscosity at 100 ◦C and the total base number. The
measured kinematic viscosity decreased from 8.5 mm2/s for the fresh oil to 7.01 mm2/s
after 13,000 km, corresponding to a reduction of approximately 17.5%.

The observed decrease in kinematic viscosity is consistent with trends reported in the
literature for in-service engine oils. However, unlike studies where viscosity reduction is
primarily driven by fuel dilution, no measurable fuel contamination was detected in the
present case. This suggests that the viscosity loss is mainly associated with shear degrada-
tion and early service aging mechanisms. Similar correlations between fuel contamination
and viscosity reduction have been reported by Sejkorová et al. [10], where fuel presence
was identified as a dominant factor influencing viscosity decrease. Therefore, the present
results represent a milder degradation scenario characteristic of the first service interval of
a new engine rather than contamination-driven deterioration.

Several mechanisms may contribute to this change. The most significant factor is
typically the mechanical shear degradation of viscosity index improvers, which are polymer
additives responsible for maintaining viscosity stability across a wide temperature range.
Under the high shear stresses present in the lubrication films of bearings, piston rings, and
valve train components, these polymer chains may break down, leading to permanent
viscosity loss.

Another potential contributor to viscosity reduction is fuel dilution, which may occur
when unburned fuel enters the crankcase during cold starts or incomplete combustion
events. However, the analysis performed in the present study detected no measurable fuel
contamination, suggesting that viscosity reduction is primarily associated with mechanical
shear of polymer additives rather than dilution effects.

In addition to viscosity, the alkaline reserve of the oil, expressed as the total base
number, also decreased during engine operation. The measured TBN value of the used oil
was 3.7 mgKOH/g, indicating a significant reduction compared to typical fresh values for
oils of this class, which are usually between 7 and 9 mgKOH/g.

The depletion of the alkaline reserve is associated with the neutralization of acidic
compounds formed during combustion and lubricant oxidation. Detergent additives
such as calcium sulfonates and magnesium compounds react with these acids to prevent
corrosion of engine components. As these reactions proceed, the concentration of alkaline
additives gradually decreases, which explains the observed reduction in TBN.

Despite this decrease, the measured value suggests that the lubricant still retains a
portion of its neutralizing capacity, indicating that the oil had not yet reached a critically
degraded state after the investigated service interval.

3.2. FT-IR Indicators of Chemical Degradation

The chemical degradation of the lubricant was evaluated using FT-IR according to
ASTM E2412. The method allows the monitoring of oxidation, nitration, and sulfation
processes occurring in the oil during engine operation. In addition, the presence of contam-
inants such as water, soot (carbon), glycol, and fuel can be detected.

The measured FT-IR indicators of degradation and contamination for the used oil
sample are summarized in Figure 1.
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Figure 1. FT-IR indicators of chemical degradation and contamination in the used engine oil after
13,000 km of operation determined according to ASTM E2412.

The oxidation index reflects the formation of oxygen-containing compounds such as
ketones, aldehydes, esters, and carboxylic acids produced during thermal degradation
of the base oil and additives. Oxidation is strongly influenced by temperature, oxygen
availability, and the catalytic activity of metal particles present in the oil.

The measured oxidation value indicates a moderate level of oxidative degrada-
tion, which is expected after extended engine operation but does not suggest severe
lubricant deterioration.

Nitration processes occur when nitrogen oxides generated during combustion react
with hydrocarbon molecules in the lubricant. These reactions are particularly significant in
engines operating under high temperature and load conditions. The measured nitration
index (16 abs/cm) suggests a moderate interaction between combustion gases and the
lubricant film.

Sulfation, indicated by the SOx value of 35 abs/cm, is typically associated with sulfur-
containing compounds originating from fuel combustion or additive decomposition. Sulfa-
tion products contribute to the formation of acidic species in the oil, which explains the
observed depletion of alkaline additives and the reduction in the TBN value.

The FT-IR results obtained in this study are in good agreement with previously re-
ported degradation pathways of engine oils. Oxidation, nitration, and sulfation are widely
recognized as key indicators of lubricant aging and have been shown to correlate strongly
with each other under real operating conditions. The moderate levels of these parame-
ters observed in the present work indicate ongoing but not critical degradation, which is
consistent with the relatively short service interval. Similar relationships between these
degradation products have been reported in previous studies, confirming their reliability
as indicators of oil condition and chemical aging processes [10].

Additional contamination indicators were evaluated using FT-IR analysis. The water
content of the oil remained below 0.2%, indicating that no significant water contamination
occurred during engine operation. Water contamination in engine oils may originate from
condensation, coolant leaks, or incomplete combustion processes.

https://doi.org/10.3390/engproc2026150055

https://doi.org/10.3390/engproc2026150055


Eng. Proc. 2026, 150, 55 9 of 14

The carbon content was measured at below 0.1%, suggesting minimal soot accumula-
tion in the lubricant. This observation is consistent with the operation of a modern gasoline
engine equipped with efficient combustion control systems.

Furthermore, the analysis detected no measurable glycol contamination, indicating
that the cooling system remained properly sealed and that coolant leakage into the lubrica-
tion system did not occur.

Similarly, no fuel dilution was detected, which confirms that the reduction in viscosity
is primarily associated with mechanical degradation of viscosity modifiers rather than
contamination by unburned fuel.

Overall, the FT-IR results indicate that the oil has undergone typical chemical
aging processes, including oxidation, nitration, and sulfation, during the 13,000 km
service interval.

3.3. Wear Metal Analysis

The presence of metallic elements in used engine oil provides valuable information
regarding the wear condition of various engine components. The concentrations of wear
metals were determined using ICP-OES according to ASTM D5185.

Figure 2 illustrates the concentrations of the detected wear metals in the used oil sample.

Figure 2. Concentrations of wear metals detected in the used engine oil after 13,000 km of operation,
determined according to ASTM D5185.

The analysis revealed the presence of several characteristic wear metals, including
copper, iron, aluminum, manganese, and chromium.

The highest concentration was observed for copper (35 mg/kg). Copper may originate
from several engine components, including bronze bushings, bearings, oil coolers, and
certain alloys used in engine assemblies. In new engines, elevated copper levels may also be
associated with the leaching of copper from newly manufactured components or protective
coatings applied during assembly.

Iron was detected at 25 mg/kg, which is typical for wear of ferrous components
such as cylinder liners, camshafts, crankshaft surfaces, and valve train elements. The
measured concentration indicates moderate wear of steel components during the early
operating period.

https://doi.org/10.3390/engproc2026150055
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Aluminum was present at 19 mg/kg, which is generally associated with wear of
aluminum alloy components such as pistons or engine housings. During the break-in phase
of a new engine, aluminum wear particles are often generated as the contact surfaces adapt
to each other.

The wear metal distribution observed in the present study is also consistent with
findings reported in the literature for early-stage engine operation. The predominance
of copper, iron, and aluminum is typically associated with the running-in phase of new
engines, where initial surface adaptation leads to increased wear particle generation. Previ-
ous studies have demonstrated that such wear patterns are characteristic of normal engine
break-in behavior rather than abnormal wear. Therefore, the obtained results confirm that
the analyzed oil sample reflects typical early operational conditions rather than accelerated
or abnormal degradation [19].

Minor concentrations of manganese (5 mg/kg) and chromium (1 mg/kg) were also
detected. Chromium is typically associated with wear of hardened or plated components
such as piston rings, while manganese may originate from alloyed steel components.

The absence of elements such as lead, tin, nickel, titanium, and vanadium indicates
that no significant wear occurred in components containing these materials, particularly
bearing alloys.

Overall, the wear metal profile corresponds to normal running-in wear of a new
engine, rather than abnormal mechanical deterioration.

3.4. Contamination Elements

Contamination elements provide important information about the ingress of external
particles into the lubrication system. In the present study, the concentrations of silicon and
sodium were analysed and compared between the fresh and used oil samples.

Figure 3 presents the measured contamination element concentrations.

Figure 3. Concentrations of contamination elements (Si and Na) in fresh and used engine oil
determined according to ASTM D5185.

The silicon concentration increased significantly from 5 mg/kg in the fresh oil
to 84 mg/kg in the used oil. Silicon is typically associated with dust or sand particles
entering the engine through the air intake system. Another possible source of silicon
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during the early operational period is the presence of silicone-based sealants used during
engine assembly.

The relatively high silicon concentration observed after 13,000 km suggests that either
residual assembly materials or small quantities of airborne dust have entered the lubrication
system. However, since the iron wear level remains moderate, the silicon contamination
does not appear to have caused severe abrasive wear.

Sodium increased from 3 mg/kg in the fresh oil to 9 mg/kg in the used oil. Sodium
can originate from detergent additives or from contamination by coolant fluids. Since
the FT-IR analysis did not detect any glycol content, the increase in sodium is most likely
associated with additive chemistry rather than coolant leakage.

3.5. Evolution of Additive Elements

The additive composition of the oil was evaluated by analyzing the concentrations of
calcium, zinc, phosphorus, and magnesium. These elements form part of the detergent,
anti-wear, and antioxidant additive packages commonly used in modern engine oils.

The results are presented in Figure 4.

 
Figure 4. Concentrations of major additive elements in fresh and used engine oil determined
according to ASTM D5185.

Calcium, which acts primarily as a detergent additive, decreased from 1154 mg/kg to
1050 mg/kg, corresponding to a reduction of approximately 9%. Calcium-based detergents
neutralize acidic combustion products and help maintain engine cleanliness by preventing
deposit formation.

Zinc and phosphorus are key components of ZDDP additives, which provide anti-
wear protection and antioxidant properties. The measured concentrations of these elements
showed only minor changes (Zn: 797 → 795 mg/kg; P: 657 → 599 mg/kg), indicating that
the anti-wear additive system remained largely intact after the investigated service interval.

Magnesium also showed a moderate decrease from 490 mg/kg to 470 mg/kg, reflect-
ing gradual consumption of detergent additives during engine operation.

The relatively small reduction in additive elements suggests that the oil still retains a
significant portion of its protective additive package.

Overall, the obtained results are in good agreement with previously published studies
on engine oil degradation and wear processes under real operating conditions [10,17,19].
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While many literature sources emphasize the dominant role of contamination—particularly
fuel dilution—in accelerating oil degradation, the present study demonstrates that even in
the absence of such contamination, measurable physicochemical changes occur during the
first service interval. The combination of moderate viscosity reduction, detectable oxidation
products, additive depletion, and increased wear metal content confirms that early-stage oil
degradation is governed by a complex interaction of thermal, mechanical, and tribological
factors. This highlights the importance of analyzing real operating conditions, especially
for modern low-viscosity oils such as SAE 0W-20, which remain less extensively studied in
comparison to higher viscosity grades.

It should be noted that the present study is based on the analysis of two
samples—fresh and used oil—which limits the possibility for statistical evaluation of
variability and repeatability. The results should therefore be interpreted as indicative of the
general trends in oil degradation during the first service interval rather than as statistically
generalized conclusions. Nevertheless, the use of standardized laboratory methods ensures
the reliability and comparability of the obtained data.

4. Conclusions
This study investigated the physicochemical degradation and wear metal evolution

of SAE 0W-20 engine oil during the first 13,000 km of operation of a new gasoline engine.
The analysis included measurements of viscosity, alkaline reserve, FT-IR degradation
indicators, wear metals, contamination elements, and additive concentrations according to
standardized oil analysis methods.

The results show that the kinematic viscosity at 100 ◦C decreased from 8.5 mm2/s to
7.01 mm2/s, corresponding to a reduction of approximately 17.5%. This viscosity decrease
is primarily attributed to mechanical shear degradation of viscosity index improvers rather
than fuel dilution, as no measurable fuel contamination was detected in the oil sample.

The total base number decreased to 3.7 mgKOH/g, indicating partial depletion of
the alkaline reserve due to neutralization of acidic products generated during combustion
and lubricant oxidation. FT-IR analysis confirmed the presence of typical degradation pro-
cesses, including oxidation (COx = 42 abs/cm), sulfation (SOx = 35 abs/cm), and nitration
(NOx = 16 abs/cm).

Wear metal analysis revealed the presence of Cu (35 mg/kg), Fe (25 mg/kg), and Al
(19 mg/kg) as the dominant elements in the used oil. These elements are typically associated
with wear of bearings, steel engine components, and aluminum piston assemblies. The
observed wear metal concentrations are characteristic of the running-in period of a new
engine rather than abnormal mechanical wear.

The contamination analysis showed a significant increase in silicon concentration
(5 → 84 mg/kg), most likely associated with residual assembly materials or minor dust
ingress into the intake system. Sodium increased moderately from 3 to 9 mg/kg, while no
glycol contamination was detected, confirming the integrity of the cooling system.

The additive elements Ca, Zn, P, and Mg exhibited only moderate reductions, indi-
cating that the detergent and anti-wear additive systems remained largely intact after the
investigated service interval.

Overall, the obtained results indicate that the investigated SAE 0W-20 engine oil
maintains adequate lubrication and protective properties after 13,000 km of operation,
while the observed changes in physicochemical parameters and wear metals correspond to
normal oil aging and engine running-in processes.

The presented results demonstrate the effectiveness of combined oil analysis tech-
niques for monitoring lubricant degradation and engine condition during the early service
life of internal combustion engines.
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