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Abstract: Lubricant degradation by additive depletion, contamination and build-

up of degradation products deteriorates lubrication performance. It can 

be expected that engine oil degradation also has an impact on 

performance parameters. Engine development tends to higher power 

density, lower engine oil viscosity to optimize fuel efficiency, which 

heavily stress engine oils and thus demand increased oil performance. 

Correlations between engine oil degradation, friction and wear during 

an engine oil’s lifetime are a valuable asset in engine development 

towards performance, longevity and cost reduction. Here, physical-

chemical and tribological properties of engine oils collected from 

passenger cars were determined. The results revealed the deterioration 

of friction (loss of fuel efficiency) and wear (increasing loss of material) 

depending on mileage. Defined used engine oils were produced by 

artificial alteration in a large-scale device and showed a very good 

correlation with the field samples. 
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1. Introduction 

Internal combustion engines (ICEs) are predominant in road traffic vehicles, such 

as commercial vehicles and passenger cars. The global vehicle fleet is continuously 

growing, estimations for 2015 showed 947 million passenger cars and 335 million 

commercial vehicles worldwide [1]. In 2016, a total of 257 million passenger cars 

and 38.7 million commercial vehicles were in use in the European Union (EU) [2]. 

54 % petrol, 42 % diesel, 0.5 % hybrid, and 0.2 % electric vehicles were reported 

[2] regarding the fuel type of the passenger cars in the EU, emphasizing the dominant 

market share of ICEs. 70.5 million passenger cars and 24.4 million commercial 

vehicles were produced worldwide in 2018 alone [3]. Hence, the entry of numerous 

ICEs in service is expected in the next years. Simultaneously, customer and 

legislative demand regarding improving performance, fuel economy as well as 

stricter regulations regarding emissions and more realistic emission tests are 

expected [4]. Accordingly, continuous development of ICEs is an absolute necessity 

[5], which means increasing requirements on the performance of all machine 

components, including engine oils. To ensure reliable, environmentally friendly and 

economic deployment of modern and future ICEs in both private and industrial use, 

components working at peak performance are required. For example, the average 

expected lifespan of a passenger car is around 8-10 years correlating with 150.000-

200.000 miles [6]. Therefore, it is expected that engine components, but especially 

hard-to-replace engine parts, such as piston rings, (camshaft) bearings, and valves 

perform comparably regarding lifetime in service. A premature failure of an ICE has 

to be prevented to avoid considerable financial consequences in private use and the 

industry, which harm customer trust and might pose a potential hazard. 

Tribometers are modelling friction and wear behaviour [7] in a well-defined, 

controlled manner, and therefore are an essential tool to characterize materials, 

lubricants and engine components. Bench tests performed with single engine 

components as well as testing via engine test rigs are commonly used by 

development engineers to assess for the present and future requirements. However, 

the simulation of the entire lifecycle of engine components and complete ICEs 

remains challenging in the development phase due to long test periods and high 

expenses. Engine test rigs and test benches usually require substantial amounts of 

lubricants, usually in the range of 10-60 liters [8]. For this reason, such experiments 

are usually performed with fresh oils [9], since used lubricants are not available in a 

defined and reproducible condition as well as required quantity. The disregard of oil 

damage, i.e. oil degradation or oil aging in use bears the danger to false conclusions 

regarding lifetime and performance of engine components and ICEs. This is 

enhanced by the fact that fresh oils are practically not available in service, since oils 

are usually contaminated with remains of used oil aliquots in the engine after oil 

changes [10], which can account for up to 20 % directly after an oil change [11]. 
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Moreover, oil degradation occurs in the course of the utilization of the engine oil, 

resulting in: 

 additive depletion, especially antioxidants and anti-wear additives [12], 

 formation of degradation products, especially oxidation products [13] and 

 accumulation of contaminants, e.g., wear, dust, water or soot [14]. 

Thus, lubricating properties of the oil are depending on the oil condition and 

deteriorate with the utilization of the lubricants [15]. In addition, significant 

differences regarding the oil condition can be found when comparing diesel and 

gasoline fuelled passenger cars [16]. 

Accordingly, tribometrical experiments and bench tests applying lubricants with 

defined degree of degradation, e.g., in critical condition, can significantly contribute 

to validated knowledge on the overall performance of lubricated systems. Generally, 

defined oil condition can be achieved by various artificial alteration methods, i.e., 

simulation of oil degradation in laboratory-based devices, combined with adequate 

oil condition monitoring. Several standardized artificial oil alteration methods are 

available to determine the conformity of oils with respective specifications. A typical 

approach is a thermo-oxidative alteration at ambient pressure, e.g., CEC L-48-A00 

[17]. Most standardized artificial alterations enable a rapid execution in the course 

of a few days to weeks, but the obtained oil quantity is strongly limited, reaching a 

maximum of 1 liter, which makes such approaches unsuitable for the application of 

defined used oils as test oils in bench tests or engine test rigs [17]. 

Besser et al. proposed an artificial alteration method in a large-scale device for the 

time- and cost-efficient production of test oils with defined and reproducible degree 

of degradation [18]. This study focuses on the validation of the large-scale device, 

comparing it to the comprehensive physical-chemical data regarding engine oil 

degradation derived from a field test as reported by Dörr et al. [11]. In this 

publication, friction and wear behaviour of field samples and artificially altered oils 

are compared with the fresh engine oil as reference. Tribometrical properties are 

further correlated with the physical-chemical characteristics of the investigated 

engines oils, thus allow the correlation between tribological performance and oil 

degradation. 

2. Materials and methods 

The authors previously discussed engine oil degradation during a field test and by 

artificial alteration in a large-scale device, see [18] and [11]. Since this work is 

intended as a continuation of the two publication, only an overview of the most 

important methodological aspects are presented. 
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2.1. Engine oil 

The study was performed utilizing a commercially available SAE 5W-30 engine 

oil suitable for both diesel and gasoline engines approved for various specifications. 

The approved specifications and the key properties of the selected engine oil are 

listed in table 1. 

Table 1. Approved specifications and key physical-chemical properties of the 

engine oil 

Engine oil specifications 

Engine oil type SAE 5W-30 

Approvals 

ACEA C3 

API SN 

BMW longlife-04 

MB 229.51 / 229.52 

VW 502.00 / 505.00 / 505.01 

GM dexos2TM 

Acidification, base reserve 

Total base number (mg KOH/g) 6.5 

Neutralization number (mg KOH/g) 1.6 

Elemental composition 

Ca content (mg/kg) 1910 

P content (mg/kg) 720 

S content (mg/kg) 2350 

Zn content (mg/kg) 880 

This SAE 5W-30 engine oil displays typical properties amongst currently 

available engine oils. Calcium, phosphorus, sulfur and zinc were identified as 

additive elements, where the additive package contains calcium carbonate suspended 

by detergents as base reserve and zinc dialkyl dithiophosphate (ZDDP) for wear 

protection. The state-of-the-art approvals ensure that the obtained results are valid 

for and transferable to modern internal combustion engines. 
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2.2. Field test 

The evaluated field test experiment is identical to the one presented in [11]. The 

selected engine oil was applied in a conventional passenger vehicle equipped with a 

modern internal combustion engine for the length of a typical oil change interval. 

The main technical parameters of the vehicle and the typical mode of operation 

during the field test are presented in table 2. 

Table 2. Key technical parameters of the applied passenger vehicle 

Engine parameters 

Engine alignment Inline, 4 cylinder 

Charging Turbocharged 

Displacement volume (L) 1.4 

Power at 4200 min-1 (kW) 88 

Compression ratio (-) 9.5:1 

Fuel type Gasoline RON 95 (see EN 228 [19]) 

Fuel system Sequential multi-port fuel injectors 

Vehicle 

Year of manufacture 2013 

Engine mileage at start of test (km) 63,391 

Deadweight (kg) 1396 

Operating conditions 

Typical daily operating distance (km) ~ 110 

Freeway (%) ~ 70 

City (%) ~ 20 

Thoroughfare (%) ~ 10 

Before the field test, an oil change was performed twice to reduce residual used 

oil amounts in the engine, which can account for up to 20 % right after an oil change 

[11]. After the first oil change a short driving period for approx. 10 km was 

performed to ensure that the removal of the used engine oil is almost complete, then 

this “rinse-oil” was drained and a further oil change was performed including the 

replacement of the oil filter. 
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The field test was conducted under real conditions, which was primarily 

commuting for approx. 110 km per day. As presented in table 2, the typical daily 

driving cycle consisted of approx. 70 % freeway, 20 % city and 10 % thoroughfare, 

respectively. This resulted in a total of 19,800 km in 8 months. 

The engine oil was sampled in regular intervals, where, approx. 10 mL of engine 

oil were removed in 1,000 km intervals during the first 10,000 km of utilization. This 

sampling interval was later extended to 3,000 km. Before every sampling, the engine 

was running in idle mode for a few minutes to ensure the homogeneity of the engine 

oil. The engine oil was not refilled during the field test; hence the field test was 

terminated once the oil level reached the OEM-specified minimum.  

2.3. Artificial alteration in large-scale device 

Artificial alteration of the engine oil was performed in a large-scale device as 

described in [18]. 100 L of engine oil were placed in a 250 L stainless-steel jacketed 

reactor, tempered and subjected to an air flow via a stainless-steel air-inlet pipe under 

continuous stirring. The engine oil sample was kept at a constant regulated 

temperature throughout the whole alteration process under constant stirring. 

Compressed air was used for oil oxidation at a constant air flow throughout the 

whole alteration process. The exhaust gases were cooled by a primary condenser and 

a secondary condenser. In this two-step system, the primary condenser operated 

under reflux condition, while the secondary condenser acted as an oil trap. The 

engine oil was sampled in intervals of 24 h. 

There are significant differences in the timescale and the volume between a field 

test and the large-scale alteration. Performing oil degradation in a vehicle is a very 

resource-intensive process, which requires more than 8 months for a typical oil 

change interval to produce some liters of used engine oil. An engine test rig can 

provide such an oil in a week, however, the achievable quantity remains low and the 

efforts needed are tremendous. Artificial alteration in a large-scale device as 

described in this publication is capable to provide up to 200 L of defined “used” oil 

in one batch within only a few days, which presents a great cost-reduction potential. 

Figure 1 summarizes the time requirements and lubricant quantities for the discussed 

possibilities to produce used engine oils. 
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Figure 1. Summary of the discussed oil alteration methods regarding time 

requirement and lubricant amount 

2.4. Conventional oil analysis 

The oil samples from the field test and by artificial alteration were analysed by 

conventional analytical techniques to describe the oil condition over time. Of 

particular interest were the changes in the chemical composition of the engine oils, 

i.e., oil additive depletion and the formation of degradation products. Conventional 

oil parameters were determined similarly to the works presented in [18] and [11], 

where the detailed description of the applied in-house methods are available. The 

performed analyses of all oil samples consisted of: 

 oxidation via Fourier transform infrared spectrometry (FTIR) utilizing an 

in-house method based on the determination of the absorption peak 

heights at 1720 cm-1, 

 residual phenolic and aminic antioxidant content (AO) as well as ZDDP, 

based on the initial amounts in the fresh oil (initial absorption peak height 

equal to 100 %) also monitored by FTIR according to in-house methods, 

absorption peak heights were determined at 3650 cm-1 for phenolic AO, 

at 1515 cm-1 for aminic AO, and the highest intensity in the range from 

1020 to 920 cm−1 for ZDDP, see [11], 

 neutralization number (NN) according to DIN 51558 [21] by color-

indicator titration, 
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 total base number (TBN) according to DIN ISO 3771 [22] by 

potentiometric titration with perchloric acid and 

 elemental composition via inductively coupled plasma optical emission 

spectrometry (ICP-OES) after microwave-assisted digestion with nitric 

acid, according to an in-house method [11]. 

In addition, the gravimetrical quantification of the n-heptane insoluble fraction of 

the oil samples that derived from the field test was also performed to account for 

soot as main contributor to n-heptane insolubles. Focus was laid on the influence on 

the tribological properties caused by soot in engine oil, since the presence of soot 

might have an impact on the tribological performance [23]. Soot was gained via 

centrifugation and microfiltration with three independent aliquots as described in 

[11]. In detail, the final used engine oil was mixed with n-heptane, then centrifuged 

at 12,000 rpm and 40°C for 60 minutes. The supernatant solution was carefully 

removed after centrifugation. This process was repeated with fresh solvent four 

times in total. To gain soot not removed by centrifugation, the collected supernatant 

n-heptane phases were filtered through a cellulose nitrate membrane filter with a 

pore size of 0.1 µm. The reported total soot content refers to the sum of sediment 

after centrifugation and residues after microfiltration. 

2.5. Tribometrical characterization 

Selected used and artificially altered oil samples were subjected to an SRV® 5 

model tribometer (Optimol Instruments Prüftechnik, Munich, Germany) for the 

determination of friction and wear properties. Table 3 shows an overview of the 

contact configuration and the experimental parameters. 

The average surface roughness of the test specimens was adjusted to approx. 

0.1 µm via polishing, to ensure that the surfaces involved are uniform and defined, 

and to reduce related interferences in the friction and wear measurements. 

The coefficient of friction (CoF) was monitored continuously during the duration 

of the SRV® tests. Afterwards, the balls were cleaned, amongst others, in a 0.05 M 

disodium ethylenediaminetetraacetate (EDTA) solution at room temperature for 2 

minutes to remove chemical species, i.e., the tribofilm, from the ball surface. Wear 

on the utilized balls was then determined by means of wear scar diameter and wear 

volume by confocal microscopy, see [24] and [25]. For this purpose, 3D topography 

data obtained from the utilized balls with an approx. 150 nm lateral and 2 nm vertical 

resolution was compared to the reference surface (sphere) before the SRV® 

experiment. The reported values of CoF, wear scar diameter and wear volume 

calculations are based on one experiment per oil. 
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Table 3. Configuration and operating conditions of the tribometrical experiments 

Tribometer configuration 

Contact Ball on disc 

Mode Oscillation 

Ball diameter (mm) 10 

Disc dimensions (mm) 10 x 7.9 

Material (ball and disc) 100Cr6 

Hardness (ball and disc) HRc 62 

Average roughness (µm) 0.01 

Operating conditions 

Oil quantity (mL) ~ 0.1 

Temperature (°C) 100 

Load (N) 50 

Stroke (mm) 1 

Frequency (Hz) 30 

Mean contact pressure (GPa) 1.2 

Maximal contact pressure (GPa) 1.7 

3. Results and discussion 

3.1. Conventional oil analysis 

Figure 2 shows the progress of oxidation and the depletion of the antioxidant 

additives as determined by FTIR. This specific engine oil formulation contains 

alkylated diphenyl amines (aminic AO) and sterically hindered phenols (phenolic 

AO). The synergic effect between those two compounds is well known and described 

in [26], [27] and [28]. Figure 2 b) displays the average of the two compounds as 

“total antioxidant content”. It is noted that “utilization time” is different in the two 

methods, being kilometers (km) for the field test and alteration time (h) for the 

artificial alteration. As the final oxidation and final AO content are comparable, a 

direct comparison is somewhat possible. 
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Figure 2. Progress of oxidation and depletion of the antioxidants during large-scale 

alteration and field test 

As illustrated in Figure 2 a), oxidation increases over time both in the passenger 

car and in the large-scale device. Generally, oxidation in case of the artificial 

alteration follows the trends postulated by Besser et al. in [18], where an initial 

increase in the oxidation is observable (induction phase), which is followed by a 

close-to constant phase, the AO consumption phase. After the AO consumption 

phase is completed and the residual AO content is negligible, the oxidation phase 

takes place (after approx. 72 h). In case of the field test, the three phases of the 

oxidation are not as pronounced as in case of the large-scale alteration. Regardless, 

a significant increase in the rate of the oxidation is observable around 6,000 km, 

where the total AO content reaches about 40 %. The trend of AO depletion seems to 

be faster in case of the field test. Nevertheless, the final oxidation and final total AO 

contents for both large-scale alteration and field test are very well comparable to 

each other, being about 10 % of total AO content at an oxidation of 28.1 A/cm for 

the large-scale alteration and 30.2 A/cm for the field test. This suggests good overall 

comparability between the final oil condition achieved in the large-scale device and 

that obtained in the field test. 

The oxidation of the engine oil results in the formation of acids, which is 

characterized by NN increase. Furthermore, increased NN causes the consumption 

of the base reserve, which results in TBN decrease. Figure 3 displays the progress of 

NN and TBN. 
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Figure 3. Progress of NN and TBN during large-scale alteration and field test 

As shown in Figure 3 a), the initial NN of the fresh engine oil amounts to 

1.6 mg KOH/g and is attributed to additives with acidic characteristics, e.g., ZDDP 

as antiwear additive. At low initial oxidation levels, the NN shows some minor 

decrease, possibly linked to the degradation of the mentioned engine oil additives. 

Afterwards, a dynamic increase in NN takes place. This is attributed to the already 

mentioned formation of acids through oxidation. The NN trends in the large-scale 

alteration and the field test are almost identical, which suggest a good comparability 

of both degradation processes. The final oil conditions are also very similar 

regarding NN, being 5.1 mg KOH/g for the large-scale alteration and 5.6 mg KOH/g 

for the field test. 

Figure 3 b) reveals a dynamic trend for the TBN decrease. This highlights the 

function of the base reserve to counteract the acidification of the engine oil by 

neutralizing the formed acids, hence, depletes during utilization. The TBN seems to 

level out at a residual value of approx. 3 mg KOH/g, which can be caused by the 

limitations of the titration method with strong perchloric acid as described by DIN 

ISO 3771 [22]. This is attributed to the very strong acidic nature of perchloric acid, 

which protonates and hence detects not only the base reserve, but other lightly basic 

engine oil additives [11], such as dispersant bases and even diphenylamine 

antioxidants [29]. Consequently, it is assumed that the base reserve completely 

depletes after approx. 16,500 km in the field test and after 72 h in the large-scale 

alteration. The final TBN is 2.6 mg KOH/g for the large-scale alteration and 

3.1 mg KOH/g for the field test, which are very well comparable values. These 

results further point to a very good correlation between both final oils and the 

progress of the acid-base reactions in both systems. 

Table 4 provides a comparison of the measured conventional oil parameters for 

the fresh engine oil and the respective final oil condition obtained by the large-scale 

alteration and the field test. 
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Table 4. Comparison of the fresh oil and the final oils of the large-scale alteration 

and the field test 

Oil property Fresh oil  

Final condition 

large-scale 

alteration 

Final condition 

field-testing 

Oxidation (A/cm) 0 28 30 

Phenolic AO (%) 100 2 11 

Aminic AO (%) 100 10 7 

Total AO (%) 100 6 9 

ZDDP (%) 100 0 0 

TBN (mg KOH/g) 6.5 2.6 3.1 

NN (mg KOH/g) 1.6 5.1 5.6 

The determination of the gravimetric soot content was performed as presented in 

[11]. The analysis of the final used oil derived from the field test resulted in a total 

soot content of 1.5 ± 0.1 wt%. This result cannot be directly compared to reference 

values, since although publications are available on gasoline soot, e.g., [30] and [31], 

the studies primarily focus on the morphology of the soot particles and absolute 

quantities are not available. Up to 10 wt% of soot are reported for diesel engine oils 

[32], which supports the measured 1.5 wt% since gasoline engines are less prone to 

soot formation compared with the diesel counterparts. 

3.2. Tribometrical characterization 

Tribometrical experiments were applied to characterize the changes in friction and 

wear properties with propagating oil degradation. Figure 4 a) shows the CoF of the 

fresh engine oil, the final oil and the samples obtained from the field test and the 

large-scale alteration. Furthermore, the final oil sample from the large-scale 

alteration with 1.5 wt% added soot is also displayed. As shown, the CoF stays close 

to constant during all SRV® experiments and shows only a minor, but similar 

increase in the used or altered samples. This most probably due to the degradation 

of friction modifier additives but the exact mechanism has yet to be confirmed. 

Furthermore, the results show that friction measurements alone are not sufficient to 

determine oil condition, since as discussed in 3.1, the engine oil deteriorated to a 

great extent during both the large-scale alteration and the utilization in the field. 

Figure 4 b) displays the wear volume measured on the ball after the SRV® tests for 

the field samples (disc wear is minor compared to ball wear, hence was not further 

considered). As clearly illustrated, the wear properties of the oil are deteriorating 

with utilization in an ICE, as the wear volume of the final oil sample is over a 

magnitude of power higher compared to the fresh oil. Some decrease of the wear 
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volume is experienced when comparing the used oil samples after 13.500 and 

20.000 km. The exact reason for this observation is not yet known, but it is assumed 

that it is connected with the composition of the tribofilm. 

  

Figure 4. CoF of selected engine oil samples and wear volume of selected field 

samples 

Figure 5 shows the iron and the ZDDP content of the field samples compared to 

the cumulative wear volume measured in the SRV® experiments. Dörr et al. 

attributed the increase of the iron content in the engine oil to wear and corrosion 

[11]. Since the wear particles are accumulating in the engine oil during its lifetime, 

the SRV® wear results were also summed up to enable a better comparison, hence 

cumulative wear is displayed. The good correlation between iron content and 

cumulative wear volume confirms the usability of tribometrical testing via an SRV® 

tribometer. Although direct monitoring of engine wear in the field, e.g., under real 

driving conditions is technically limited, indirect methods such as tribometrical 

testing and iron content analysis deliver meaningful information regarding the in-

service tribological performance of lubricants relative to the fresh engine oil. 

Figure 5 also shows the depletion of the ZDDP antiwear additive during the field 

test. Since ZDDP is one of the most extensively used antiwear additives, see [33], 

[34], and [35], the knowledge about its degradation processes is of great importance, 

primarily since the tribological properties of lubricants are substantially influenced 

by the amount of antiwear additives and the presence of its degradation products 

[36]. ZDDP depletes rapidly during the utilization of the engine oil, depleting 

completely between 8,000 and 9,500 km. As described in detail in [11], the residual 

ZDDP content is directly linked to the rate of iron accumulation in the engine oil 

during its life-cycle in a passenger car. The rate of iron accumulation increases by a 

factor of 4, once the ZDDP antiwear additive is close to its depletion. Comparatively, 

a significant increase in the wear volume by SRV® testing also correlates with the 

ZDDP depletion. 
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Figure 5. Iron and residual ZDDP content of the engine oils obtained from the field 

test compared to the cumulative wear volume during the SRV® experiments 

Next, wear properties of the fresh engine oil and the final oils obtained from the 

field test and the large-scale alteration were compared, to determine whether the 

tribological properties are similar. Therefore, the soot sample isolated from the final 

oil from the field test was added to the final oil derived from the large-scale alteration 

in concentration of 1.5 wt% by ultrasonic dispersion to investigate the impact of soot 

on the wear properties.  

Figure 6 shows the wear scar area and wear volume of the SRV® balls of the four 

oils described above. As expected, the fresh oil performs well regarding both wear 

scar area and wear volume. The final field sample shows significant deterioration 

regarding the wear properties, where the wear scar increases with approx. 70% in 

area and the wear volume with more than a magnitude compared to the fresh oil. The 

final oil derived from the large-scale alteration shows a pronounced increase in the 

wear scar area and wear volume, approx. 5 % and 80 % compared to the fresh oil, 

respectively. Nevertheless, the tribological properties are not comparable to the final 

field sample. However, the addition of soot results in a significant further increase 

in both wear scar area and wear volume. Furthermore, the final oil from the large-

scale alteration with added soot shows good comparability with the wear properties 

of the final field sample. This highlights that wear is a system characteristic and a 

variety of physical-chemical oil properties are contributing to tribological behaviour. 
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Figure 6.  Wear scar area and wear volume of the fresh engine oil, the final oil 

obtained from the field test and the large-scale alteration and the final oil from the 

large-scale alteration with added soot. 

To summarize, the wear results of the SRV® tests are showing a good correlation 

with the increase in iron content (engine wear) during the field test, which confirms 

that this tribometrical approach is suitable. Both wear scar area and wear volume 

increase significantly during the field test which highlights the tribological effects 

of oil degradation. There is also some increase in case of the final oil derived from 

the large-scale alteration, but comparable wear properties were reached when soot 

was added. Differences were also found in the friction properties (CoF), the findings 

suggest that higher friction levels of the degraded engine oils are due to friction 

modifier depletion. 

4. Conclusions 

The aim of the study was to reproduce a given used engine oil derived from a 

passenger car after 19,800 km in sufficient quantities for the execution of bench tests. 

Therefore, a field test and a large-scale alteration were performed and compared via 

conventional oil analytical methods and tribometrical testing using an SRV® 

tribometer. Conventional oil analyses showed very good comparability of the used 

and artificially altered oil samples regarding oxidation and NN as well as AO, ZDDP 

and TBN depletion. 

Wear behavior in the SRV® tribometer correlated well with the engine wear in the 

field test expressed as iron content, which confirmed the applicability of the SRV® 

test method. Very similar friction and wear properties were found regarding CoF, 

wear scar area and wear volume, when comparing the final field sample with the 

final oil from large-scale alteration, where the latter contained similar amounts of 

soot as the final field sample. This also highlights the importance of soot regarding 

tribometrical properties and the necessity of further research regarding soot 

characterization. Further analysis of the surfaces is also needed, e.g. the utilization 
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of X-Ray photoelectron spectroscopy (XPS), especially in regard of the tribofilm 

composition to uncover differences depending on the used oil condition. 

Overall, very similar final oil conditions were achieved both regarding physical-

chemical and tribological properties. The results also show that upon simulating oil 

degradation in the laboratory, utmost carefulness is to be taken, since degraded 

engine oils are very complex systems with various crucial properties, which all 

greatly impact lubrication performance in an ICE. Nevertheless, the artificial 

reproduction of used engine oils and reaching pre-defined, close-to-reality oil 

conditions regarding physical-chemical properties, friction and wear behaviour is 

possible, even in large scales. 

In this regard, artificial alteration in the large-scale device can substantially 

contribute to component or system level testing of engine components by the 

provision of test oils with a defined degree of degradation via a close-to-reality, 

reproducible, rapid and cost-effective procedure. Bench and engine tests with such 

“used” engine oils provide substantial knowledge regarding component or engine 

performance over lifetime, which would remain hidden if fresh oils were used as the 

only test oils. 

Acknowledgement 

The topic presented is based on research projects with support by the Austrian 

Comet program (project K2 XTribology, no. 849109 and project K2 InTribology, 

no. 872176) and by the concerned program management institutions, viz the 

Österreichische Forschungsförderungs-Gesellschaft mbH, on behalf of the Federal 

Government, as well as by the Government of Niederösterreich, Wien, and 

Vorarlberg. The work has been carried out within the “Excellence Centre of 

Tribology” (AC2T research GmbH). The authors would like to thank all co-workers 

of AC2T research GmbH who were involved in the study: Jasmin Pichler and 

Michael Abraham for conducting the chemical analysis, Lukas Spiller and Chia-Jui 

Hsu for carrying out the tribotests and Thomas Wopelka for safe driving, among 

others. 

References 

[1] International Organization of Motor Vehicle Manufacturers (OICA), World 

Vehicles in Use (2015) [cited 2020-02-22]. 

URL http://www.oica.net/category/vehicles-in-use/ 

[2] European Automobile Manufacturers’ Association (ACEA), ACEA Report – 

Vehicles in use – Europe 2018 (2018) [cited 2020-02-20]. 



A. Agocs et al. – Acta Technica Jaurinensis, Vol. 13, No. 2, pp. 131-150, 2020 

147 

URL 
https://www.acea.be/uploads/statistic_documents/ACEA_Repo

rt_Vehicles_in_use-Europe_2018.pdf 

[3] International Organization of Motor Vehicle Manufacturers (OICA), 2018 

Production Statistics (2018) [cited 2020-01-30]. 

URL http://www.oica.net/category/production-
statistics/2018-statistics/ 

[4] European Commission, Emissions in the automotive sector (2018) [cited 

2020-03-01]. 

URL https://ec.europa.eu/growth/sectors/automotive/ 
environment-protection/emissions_en 

[5] Y. Rai, A. Neville, A. Morina, Transient processes of MoS2 tribofilm 

formation under boundary lubrication, Lubrication Science 28 (2016) pp. 

449-471. 

doi: https://doi.org/10.1002/ls.1342 

[6] Riverdale Automotive, What Is the Average Lifespan of a Vehicle Engine? 

(2017) [cited 2020-01-10]. 

URL https://riverdaleautomotive.com/2017/08/what-is-the-
average-lifespan-of-a-vehicle-engine/ 

[7] C. Seyfert, Tribometers, Rotational, for Sliding Wear and Friction, in: T. 

Mang (Ed.), Encyclopedia of Lubricants and Lubrication, Springer, Berlin 

Heidelberg, 2014, pp. 2138-2155. 

[8] M. Repka, N. Dörr et al., Lubricant-surface interactions of polymer-coated 

engine journal bearings, Tribology International 109 (2017) pp. 519-528. 

doi: https://doi.org/10.1016/j.triboint.2017.01.017 

[9] J. J. Truhan, J. Qu, P. J. Blau, The effect of lubricating oil condition on the 

friction and wear of piston ring and cylinder liner materials in a reciprocating 

bench test, Wear 259 (2005) pp.1048-1055. 

doi: https://doi.org/10.1016/j.wear.2005.01.025 

[10] R. Luther, Identification of Lubricants, in: T. Mang (Ed.), Encyclopedia of 

Lubricants and Lubrication, Springer, Berlin Heidelberg, 2014, pp. 971-976. 

https://www.acea.be/uploads/statistic_documents/ACEA_Report_Vehicles_in_use-Europe_2018.pdf
https://www.acea.be/uploads/statistic_documents/ACEA_Report_Vehicles_in_use-Europe_2018.pdf
http://www.oica.net/category/production-statistics/2018-statistics/
http://www.oica.net/category/production-statistics/2018-statistics/
https://ec.europa.eu/growth/sectors/automotive/environment-protection/emissions_en.
https://ec.europa.eu/growth/sectors/automotive/environment-protection/emissions_en.
https://doi.org/10.1002/ls.1342
https://riverdaleautomotive.com/2017/08/what-is-the-average-lifespan-of-a-vehicle-engine/
https://riverdaleautomotive.com/2017/08/what-is-the-average-lifespan-of-a-vehicle-engine/
https://doi.org/10.1016/j.triboint.2017.01.017
https://doi.org/10.1016/j.wear.2005.01.025


A. Agocs et al. – Acta Technica Jaurinensis, Vol. 13, No. 2, pp. 131-150, 2020 

148 

[11] N. Dörr, A. Agocs et al., Engine oils in the field – A comprehensive chemical 

assessment of engine oil degradation in a passenger car, Tribology Letters 

67:68 (2019). 

doi: https://doi.org/10.1007/s11249-019-1182-7 

[12] M. De Feo, C. Minfray et al., MoDTC friction modifier additive degradation: 

Correlation between tribological performance and chemical changes, RSC 

Advances 114 (5) (2015) pp. 93786-93796. 

doi: https://doi.org/10.1039/c5ra15250j 

[13] A. Mujahid, F. L. Dickert, Monitoring automotive oil degradation: Analytical 

tools and onboard sensing technologies, Analytical and Bioanalytical 

Chemistry 404 (2012) pp. 1197-1209. 

doi: https://doi.org/10.1007/s00216-012-6186-1 

[14] S. K. Kurre, R. Garg, S. Pandey, A review of biofuel generated 

contamination, engine oil degradation and engine wear, Biofuels 8 (2017) pp. 

273-280. 

doi: https://doi.org/10.1080/17597269.2016.1224291 

[15] H. Schwarze, L. Brouwer et al., Ölalterung und Verschleiß im Ottomotor, 

MTZ 10 (2008) pp. 878-886. 

[16] A. Agocs, S. Budnyk et al., Comparing oil condition in diesel and gasoline 

engines, Industrial Lubrication and Tribology ahead-of-print (2020) pp. 

ahead-of-print. 

doi: https://doi.org/10.1108/ILT-10-2019-0457 

[17] Oxidation stability of lubricating oils used in automotive transmissions by 

artificial ageing, CEC L-48-A-00 (2014). 

[18] C. Besser, A. Agocs et al., Generation of engine oils with defined degree of 

degradation by means of a large scale artificial alteration method, Tribology 

International 132 (2019) pp. 39–49. 

doi: https://doi.org/10.1016/j.triboint.2018.12.003 

[19] Kraftstoffe für Kraftfahrzeuge - Unverbleite Ottokraftstoffe - Anforderungen 

und Prüfverfahren (engl.: Automotive fuels - Unleaded petrol - Requirements 

and test methods), ÖNORM EN 228 (2017). 

https://doi.org/10.1007/s11249-019-1182-7
https://doi.org/10.1039/c5ra15250j
https://doi.org/10.1007/s00216-012-6186-1
https://doi.org/10.1080/17597269.2016.1224291
https://doi.org/10.1108/ILT-10-2019-0457
https://doi.org/10.1016/j.triboint.2018.12.003


A. Agocs et al. – Acta Technica Jaurinensis, Vol. 13, No. 2, pp. 131-150, 2020 

149 

[20] M. Frauscher, A. Agocs et al., Time-Resolved Quantification of Phenolic 

Antioxidants and Oxidation Products in a Model Fuel by GC-EI-MS/MS, 

Energy & Fuels ahead-of-print (2020) pp. ahead-of-print. 

doi: https://doi.org/10.1021/acs.energyfuels.9b03483 

[21] Testing of mineral oils; determination of the neutralization number, colour-

indicator titration, DIN 51558-1:1979-07 (1979). 

[22] Petroleum products - Determination of base number - Perchloric acid 

potentiometric titration method, DIN ISO 3771:2011-09 (2011). 

[23] K. Vyavhare, S. Bagi et al., Impact of diesel engine oil additives-soot 

interactions on physiochemical, oxidation and wear characteristics of soot, 

Energy & Fuels 33 (5) (2019) pp. 4515-4530. 

doi: https://doi.org/10.1021/acs.energyfuels.8b03841 

[24] G. Vorlaufer, S. Ilincic et al., Wear Quantification by Comparison of Surface 

Topography Data, in: Wang Q.J. and Chung Y.-W. (Eds.), Encyclopedia of 

Tribology, Springer US, Boston, MA, 2013, pp. 4087-4093. 

[25] G. Vorlaufer, D. Prünner et al., Exctracting wear information from 3D 

topography data, ÖTG Symposium, November 22 2018, Vienna, Austria. 

[26] V. J. Gatto, W. E. Moehle et al., Oxidation fundamentals and its application 

to turbine oil testing, Journal of ASTM International 3 (2006) pp. 1-20. 

doi: https://doi.org/10.1520/JAI13498 

[27] M. Soleimani, L. Dehabadi et al., Chapter 2 – Antioxidants Classification and 

Applications in Lubricants, in: D. Johnson (Ed.), Tribology, Lubricants and 

Additives, InTechOpen, London, 2018, pp. 23–42. 

[28] A. Kassler, E. Pittenauer et al., Development of an accelerated artificial 

ageing method for the characterization of degradation products of 

antioxidants in lubricants by mass spectrometry, European Journal of Mass 

Spectrometry 25 (3) (2018) pp 300-323. 

doi: https://doi.org/10.1177/1469066718811714 

[29] A. Agiral, D. Zalatan, P. Sutor, Understanding total base number 

measurement, STLE 73th Annual Meeting & Exhibition, May 20–24 2018, 

Minneapolis, USA. 

https://doi.org/10.1021/acs.energyfuels.9b03483
https://doi.org/10.1021/acs.energyfuels.8b03841
https://doi.org/10.1520/JAI13498
https://doi.org/10.1177/1469066718811714


A. Agocs et al. – Acta Technica Jaurinensis, Vol. 13, No. 2, pp. 131-150, 2020 

150 

[30] D. Uy, M. A. Ford et al., Characterization of gasoline soot and comparison to 

diesel soot: morphology, chemistry, and wear, Tribology International 80 

(2014) pp. 198–209. 

doi: https://doi.org/10.1016/j.triboint.2014.06.009 

[31] A. La Rocca, F. Bonatesta et al., Characterisation of soot in oil from a 

gasoline direct injection engine using transmission electron microscopy, 

Tribologly International 86 (2015) pp. 77–84. 

doi: https://doi.org/10.1016/j.triboint.2015.01.025 

[32] F. Lockwood, Z. Zhang et al., Effect of soot loading on the thermal 

characteristics of diesel engine oils, SAE Technical Papers (2001). 

doi: https://doi.org/10.4271/2001-01-1714 

[33] Q. Xue, W. Liu, Tribochemistry and the development of AW and EP oil 

additives–a review, Lubrictaion Science 7 (1994) pp. 81–92. 

doi: https://doi.org/10.1002/ls.3010070107 

[34] H. Spikes, The history and mechanisms of ZDDP, Tribology Letters 17 

(2004) pp. 469–489. 

doi: https://doi.org/10.1023/B:TRIL.0000044495.26882.b5 

[35] M. A. Nicholls, T. Do et al., Review of the lubrication of metallic surfaces by 

zinc dialkyldithiophosphates, Tribology International 38 (2005) pp. 15–39. 

doi: https://doi.org/10.1016/j.triboint.2004.05.009 

[36] N. Dörr, J. Brenner et al., Correlation between engine oil degradation, 

tribochemistry, and tribological behavior with focus on ZDDP deterioration, 

Tribology Letters 67 (2019) pp. 1-17. 

doi: https://doi.org/10.1007/s11249-019-1176-5 

This article is an open access article distributed under the terms and conditions of the 

Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license. 

https://doi.org/10.1016/j.triboint.2014.06.009
https://doi.org/10.1016/j.triboint.2015.01.025
https://doi.org/10.4271/2001-01-1714
https://doi.org/10.1002/ls.3010070107
https://doi.org/10.1023/B:TRIL.0000044495.26882.b5
https://doi.org/10.1016/j.triboint.2004.05.009
https://doi.org/10.1007/s11249-019-1176-5
https://creativecommons.org/licenses/by-nc/4.0/

