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Abstract

In this study, the deterioration of the friction and wear properties of a SAE 5W-30 engine oil during its service life as well
as the differences in tribofilms formed by different oil conditions are investigated. A field test was conducted with a pas-
senger car equipped with a modern, turbocharged gasoline engine under real driving conditions, where several used oil
aliquots were collected. The collected used oil samples underwent tribological model tests, which revealed a 9% increase
in friction and an over 420% increase in wear compared to the fresh oil during the 20,000 km service life. Furthermore, the
composition of the tribofilms was correlated with previously published data on additive degradation in the used engine oils.
The observed tribofilms changed significantly depending on additive degradation. In detail, the degradation of zinc dialkyl
dithiophosphate (ZDDP) antiwear additive was analysed. The results showed a significant decrease in phosphorus and zinc
as well as an increase in iron content in the tribofilms once ZDDP is depleted, which correlates well with the increase in the
observed wear rates. Additionally, comparison with high-resolution mass spectrometry data showed that depletion of the
original dialkyl dithiophosphate additive and successive formation of dialkyl thiophosphates has only minor influence on
the tribofilm composition, the mentioned changes occur once the dialkyl thiophosphates are completely depleted and only
dialkyl phosphates remain in the engine oil. This offers some insight on the mechanism of tribofilm formation by in-service,
partially degraded ZDDP, which is prevalent under real operating conditions.
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1 Introduction

According to the European Automobile Manufacturers’
Association (ACEA) [1], 94.6% of the new registrations in
the European Union (EU) utilized some form of an ICE in
the drivetrain in 2020. This shows that internal combustion
engines (ICEs) are still the predominant drivetrain technol-
ogy in automotive and light commercial vehicle applica-
tions. Hence, it is safe to assume that ICEs are going to
have a considerable market share in the foreseeable future.
Consequently, further development of ICEs is an absolute
necessity, especially to achieve better emission characteris-
tics and more economical operation.

The interplay of oil condition and tribological perfor-
mance is fundamental in efficient ICE design [2]. These
investigations are especially important, as vehicles with
different fuelling are showing significant differences in oil
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degradation and oil performance under real driving condi-
tions [3, 4]. Furthermore, the utilization profile also has a
significant impact on lubricant performance, as vehicles pre-
dominantly used for short trips showed a significantly faster
additive depletion and iron accumulation, which is indicative
for increased engine wear [3]. Vehicles are predominantly
operating on lubricants that are degraded to some degree, as
over 20% residual used oil can be expected in a modern pas-
senger car right after the oil change [5]. Accordingly, under-
standing of the additive degradation and the accumulation of
degradation products have a very high technical relevance in
component development, resulting in the need to utilize used
or artificially altered lubricants in bench testing during ICE
(component) development [6—8] to achieve more accurate
performance and lifetime predictions.

One of the most well-studied topics regarding oil per-
formance is chemical degradation and performance of
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zinc dialkyl dithiophosphate (ZDDP) antiwear additives
(AW), as they are commonly used in engine oil applica-
tions. Novel, environmentally friendly AW additives are
also in the focus of the scientific community since years
[9-20]. Accordingly, several studies have investigated the
tribological properties of possible ZDDP replacements,
such as ashless AW additives [11-13], fluorinated ZDDP
(F-ZDDP) [9, 10] as well as ionic liquids [14-20]. The
importance of ZDDP on the lubricating properties of
engine oils is not diminishing, as highlighted in several
reviews [21-23]. The authors also discussed this topic and
the corresponding literature in detail in [5].

ZDDP forms a surface layer, commonly referred as tri-
bofilm on metal surfaces, which protects the components
from wear. The formation of ZDDP tribofilms is complex,
but generally starts at mild temperatures in the wear scar,
followed by the growth of the tribofilm [24-29]. Multiple
models of the formation as well as the removal of ZDDP
tribofilms have been proposed, such as [30-34]. A wide
variety of surface-sensitive techniques are used to analyse
tribofilms [31-51]. The commonly used analytical methods
for tribofilm analysis consist of the following:

e scanning electron microscopy (SEM) and atomic force
microscopy (AFM) to analyse the morphology [31, 32,
34, 35, 37-43],

e energy-dispersive X-ray spectroscopy (EDX) and X-ray
photoelectron spectroscopy (XPS) to determine the ele-
mental compositions [31-33, 35, 36],

e X-ray absorption near edge structure (XANES) for the
analysis of the chemical compositions of tribofilms
formed by ZDDP and alternative additives, e.g. [12, 13,
19, 20, 28, 44],

e transmission electron microscopy (TEM) in combina-
tion with focussed ion beam sectioning (FIB) for cross-
section analysis [45, 46],

¢ online application of attenuated total reflection infrared
spectroscopy (FT-IR ATR) [48, 49],

e X-ray absorbance spectroscopy (XAS) to observe the
formation of tribofilms in-situ [50, 51] and

e time-of-flight secondary ion mass spectroscopy (ToF—
SIMS) to gain detailed information of the respective
masses of the tribofilm-forming compounds [40, 47].

In detail, several articles are reporting on the formation
of ZDDP tribofilms. Johnson et al. reports that ZDDP tri-
bofilms are mainly consisting of glassy iron polyphosphate/
zinc polyphosphate on top of a thin iron sulphide/zinc sul-
phide base layer, covered by a zinc polyphosphate layer. The
tribofilm is usually deposited in ‘pads’, accordingly, shows
an inhomogeneous lateral structure [52]. Gosvami et al.
studied ZDDP film growth in model lubricants via in-situ
AFM and found that the growth rate of the films increased

exponentially with either compressive stress or temperature,
which is consistent with a model involving thermal activa-
tion and stress-assistance [43]. Furthermore, they found that
iron as catalyst plays only a minor role in the film evolution
[43]. Soltanahmadi et al. observed a 5—10 nm thick, sepa-
rate iron sulphide layer on the substrate via TEM and EDX
elemental analysis [45]. Dorgham et al. developed a novel
tribometer equipped with synchrotron XAS and showed
that shear accelerates the growth of tribo-layers [50]. In a
further study they found that the initial surface layer depos-
its as mainly sulphate, which is later reduced into sulphide
under heat and shear [51]. Dawczyk et al. used FIB followed
by TEM to study ZDDP tribofilms. They found that FIB
changes the morphology of the uppermost 30-50 nm of the
tribofilm, but this effect can be counteracted by the deposi-
tion of a gold layer prior. They also confirmed a polycrys-
talline ZDDP-film structure [46]. Sharma et al. investigated
the impact of plasma-functionalised polytetrafluoroethyl-
ene nanoparticles on the lubrication properties of mineral
oils with low levels of ZDDP [53]. They found a dramatic
reduction of CoF and overall wear for oils with functional-
ised nanoparticles. Tribofilm analysis by XPS and XANES
clearly proved the presence of Si- and F-doped polyphos-
phates in tribofilms leading to the suggestion that a protec-
tive tribofilm even at reduced ZDDP content is developed
by the synergism between plasma-coated nanoparticles and
ZDDP. Furthermore, they investigated the effects of ZDDP
and titanium dioxide (TiO,) nanoparticles under a sliding
pin-on-disc contact with XPS and XANES [54]. They found
that ZDDP and TiO, behaved antagonistically with regard
of wear protection, although both proved to be a capable
antiwear additive on its own.

Most of the mentioned studies are commonly utilizing
fresh or model lubricants. Accordingly, the investigation of
films formed under real driving conditions, by (partially)
degraded ZDDP is largely absent from the literature as used
oils are very complex mechanochemical systems, containing
a very wide variety of organic structures, which all have a
potential influence on the ZDDP tribofilm formation. One
exception is the work of Dorr et al., where the authors inves-
tigated friction and wear properties and tribofilm formation
of a SAE 0 W-20 engine oil after artificial (laboratory)
alteration and provided a detailed methodology to assess
the influence of lubricant degradation on tribochemistry
and the resulting friction and wear properties [55]. In the
current study, the methodology described in [55] is used,
accordingly, detailed discussion regarding the respective
results is presented in 3.3, 3.4 and 3.5. Nevertheless, fur-
ther investigations seem to be necessary to determine what
influence (real) oil degradation has on the ZDDP film growth
and composition.

This work aims to bridge the gap between the research
regarding ZDDP degradation under real on-road conditions
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and tribofilm formation. A field test with a conventional
passenger car was conducted under real driving conditions,
where used oil aliquots were collected. The authors previ-
ously reported the chemical oil condition, such as oxida-
tion, nitration, neutralization number (NN) increase, total
base number (TBN) decrease and elemental composition,
amongst others, in [5]. The previous work was focussed on
ZDDP degradation, where the structure and relative quan-
tity of several degradation products were investigated by
advanced mass spectrometry (MS) methods. In this study,
tribological evaluation of the collected used oil samples is
performed via an Optimol SRV® 5 model tribometer to
uncover the deterioration of the friction and wear properties
during the service life of an engine oil. Furthermore, XPS is
utilized to determine the elemental composition of the tribo-
film as well as the chemical state (bonding partners) or the
respective elements. XPS is a readily available quantitative
measurement technique, which can identify the elemental
composition of surfaces. Additionally, information regard-
ing the chemical state of the atoms on the surface can be
measured, which allows the deduction of their respective
bonding partners.

The XPS results within this study are correlated to the
previously published results regarding ZDDP degradation
products and oil condition in general, hence, a comprehen-
sive assessment of tribofilm formation and differences in oil
condition is achieved.

2 Materials and Methods

The authors previously presented the changes in the chemi-
cal composition of an engine oil during a field test con-
ducted with a conventional passenger car in [5]. The study
at hand is intended as an extension of the already published

Table 1 Key parameters of the applied vehicle and engine oil

chemical results, focussing on the tribological properties and
the chemical composition of the resulting tribofilms of the
used engine oil samples obtained from the same field test.
Accordingly, the methodology of the performed field test
and chemical oil characterization is described in detail in
[5] and only a brief summary is presented in 2.1 and 2.2,
respectively.

2.1 Field Test

A modern passenger car utilizing a 1.4 L turbocharged petrol
engine was surveyed during a typical oil change interval
under real driving conditions, mainly consisting of daily
commuting, preliminary on a freeway.

A commercially available engine oil with the viscosity
class of SAE 5W-30 suitable for both diesel and gasoline
engines was applied. The engine oil is blended from a group
II or group III base oil with a conventional additive package,
containing ZDDP as antiwear additive and calcium carbon-
ate as base reserve. The lubricant has the following original
equipment manufacturer approvals:

ACEA C3,

API SN,

BMW longlife-04,

MB 229.51, MB 229.52,

VW 502.00/505.00/505.01 and
GM dexos2™.

Table 1 summarizes the key parameters of both the uti-
lized vehicle according to the certificate of approval as well
as the applied lubricant.

At the start of the field test, an oil change was per-
formed 2 times to remove any residual used oil from
the engine, ensuring that the obtained oil samples are

Parameters of the vehicle [5]

Year of manufacture 2013

Engine configuration Inline 4 cylinder

93,361
Turbocharged

Mileage at start of test (km)
Engine aspiration

Engine displacement (L) 1.4 Power at 4200 min~! (kW) 88
Fuel Gasoline RON 95 (see EN Fuel injection system Sequential
228 [65]) multi-port fuel
injectors
Parameters of the engine oil [5]
Viscosity at 40 °C (mm?/s) 65.8 Viscosity at 100 °C (mm?'s) 11.4
Viscosity index (-) 169 Density at 15 °C (g/cm?) 0.85
Neutralization number (mg KOH/g) 1.6 Total base number (mg KOH/g) 6.5
Ca content (mg/kg) 1910 P content (mg/kg) 720
S content (mg/kg) 2350 Zn content (mg/kg) 880

@ Springer



Tribology Letters (2022) 70:28

Page50f18 28

representative for the mileage. Subsequently, the vehicle
was subjected to a daily commuting routine with a total
distance of approx. 110 km a day, of which 75 km (70%)
was freeway operation. Used oil aliquots were sampled
from the engine in regular intervals. The sampling was
performed after a few minutes of idling the engine to
ensure oil homogeneity through the dipstick pipe with
a suitable PTFE tubing. The engine oil was not refilled
during the field test, accordingly, the experiment was ter-
minated once the oil level reached the OEM specified
minimum. This way, a total mileage of approx. 20,000 km
was covered in 8 months of operation.

2.2 Conventional Oil Condition Monitoring

A comprehensive description of the oil condition in terms
of degradation products, residual additive levels and ele-
mental composition is available in [5]. As this study is
focussing on the tribological properties, only selected rel-
evant degradation parameters are presented. The discussed
chemical parameters taken from [5] consist of.

e oxidation via FT-IR utilizing a Tensor 27 FT-IR spec-
trometer (Bruker, Ettlingen, Germany) based on an
in-house method of determining the absorptions at
1720 cm™!,

e residual amounts of ZDDP related to the initial
amounts in the fresh oil (set to 100%) also determined
by FT-IR according to an in-house method (the height
of the absorption peak of the highest intensity above a
local baseline laid in the spectra in the range from 1020
to 920 cm™! was determined and compared to the fresh
oil),

e soot loading also determined by FT-IR according
to ASTM E2412 [56] based on the absorbance at
2000 cm™!,

e neutralization number (NN) according to DIN 51558
[57] by colour-indicator titration and total base number
(TBN) according to DIN ISO 3771 [58] by potentio-
metric titration with perchloric acid utilizing a Basic
Titrino 794 titrator (Metrohm AG, Herisau, Switzer-
land) and

e clemental composition by optical emission spectroscopy
equipped with inductively coupled plasma (ICP-OES)
(iCAP 7400 ICP-OES Duo, ThermoFisher, Waltham,
Massachusetts, USA) after microwave treatment with
nitric acid.

The reported FT-IR results are averaged from 32 trans-
mission scans, NN and TBN from 2 titrations and elemental
composition from 3 repetitions at 3 independent emission
wavelengths. The applied quality assurance criterion for all

presented conventional results is a standard deviation of less
than 10% of the average value.

2.3 Advanced Oil Analysis

High-resolution mass spectrometry (MS) was applied to
characterize the ZDDP degradation products during the field
test. Similar to conventional oil analysis, the analysis was
performed according to the method described in detail in
[5] and [55] and is briefly summarized below.

The oil samples were dissolved in a methanol-chloro-
form mixture (volumetric ratio 3:7) with a dilution factor
of 1:1000. The obtained solutions were subsequently intro-
duced into a LTQ Orbitrap XL hybrid tandem high-reso-
lution mass spectrometer (ThermoFisher, Waltham, Mas-
sachusetts, USA), applying direct infusion with a flow rate
of 5 uL/min.

As ionization method, electrospray ionization (ESI)
was selected. Measurements were performed in negative
ion mode. As sheath gas nitrogen, as cooling and collision
gas helium were applied, performing low-energy collision-
induced dissociation (CID). The parent ions and the gen-
erated product ions were detected by the orbitrap detector
at a resolution of 60,000 (at full width at half maximum,
FWHM). The mass over charge measurements were all
acquired with an accuracy of at least 5 ppm.

Data processing and interpretation were performed with
the software Xcalibur version 2.0.7 and Mass Frontier ver-
sion 6.0 (ThermoFisher, Waltham, Massachusetts, USA).

2.4 Tribological Analysis of the Engine Oil Samples

Friction and wear properties of 6 selected used oil samples
were measured via an SRV® 5 model tribometer (Optimol
Instruments Priiftechnik, Munich, Germany) according to
the methodology presented in [8]. Table 2 shows an over-
view of the contact configuration and the experimental
parameters.

The test specimens were polished before the experi-
ments to adjust the average surface roughness to approx.
0.1 um, hence, ensuring a defined and uniform surface for
all measurements. Furthermore, the SRV® tests were con-
ducted under controlled environmental conditions, where the
ambient temperature (24.9-28.6 °C) and relative humidity
(30.6-38.6%) were continuously monitored.

The coefficient of friction (CoF) was determined by
the SRV® instrument continuously during the 120 min
test duration. Wear volume on both the SRV® ball and
disc was determined by confocal 3D microscopy accord-
ing to [59] and [60]. In doing so, the sample surface was
cleaned in a 0.05 M disodium ethylenediaminetetraacetate
(EDTA) solution at room temperature for 2 min to remove
all adsorbed chemical species. The 3D topography data of

@ Springer
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Table 2 Configuration and
operating conditions of the

Parameters of the tribocontact

tribometrical experiments Contact Ball on disc Ball dimension (mm) 10
Mode Oscillation Disc dimensions (mm) 10x7.9
Material (ball and disc) 100Cr6 Hardness (ball and disc) HRc 62
Experimental parameters
Oil quantity (mL) ~0.1 Temperature (°C) 100
Load (N) 50 Stroke (mm) 1
Frequency (Hz) 30 Duration (min) 120
Mean contact pressure (GPa) 1.2 Maximal contact pressure (GPa) 1.7

the sample were measured by a Leica DCM8 microscope
(Leica Microsystems, Wetzlar, Germany) with an approx.
150 nm lateral and 2 nm vertical resolution. The reported
wear volume is calculated based on the comparison to a ref-
erence surface before the tribometrical experiment.

The reported values of CoF and wear volume are aver-
aged from two identical experiments per oil sample, if not
indicated otherwise.

2.5 Determination of the Tribofilm Composition
via XPS

The chemical information of the tribofilm was collected
by using the X-ray photoelectron spectroscopy (XPS) with
Thermo Scientific™ Theta Probe Angle-Resolved X-ray
Photoelectron Spectrometer (ARXPS), according to the
method described in detail in [55]. The instrument was
equipped with a monochromatic Al Ka X-ray source and
a hemispherical analyser (ThermoFisher, Waltham, Mas-
sachusetts, USA). XPS analysis was performed prior to the
wear measurements, immediately after the completion of the
SRV® experiment, on both the ball as well as the disc, to
ensure no alteration of the tribofilm on the sample surface.

The base pressure used in analytical chamber was around
3 x 107!% mbar (UHV conditions), employing monochro-
matic Al Ka radiation (hv=1486,6 eV) to acquire core-level
XPS spectra from the samples. The high-resolution spec-
tra were acquired at 50 eV pass energy, 0.1 eV step size
and 100 pm spot resolution (single spot). Measurements
are reported after removal of <1 nm (10 s sputtering) of
the sample surface via Ar* (3 kV, 1 pA) ion bombardment
to remove potential contaminations. The spectra were pro-
cessed with the Avantage Data System software supplied
with the XPS instrument using Gaussian—Lorentzian peak
fitting. Only a single survey scan was performed per SRV®
specimen.

The depth profiles of the tribofilms resulting from the
fresh and final used oil were also investigated. In doing
so, a repetition SRV® test was performed using the two
oil samples, identically to the conditions presented in 2.4
(please note that no wear measurement was performed in
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this case). Accordingly, the depth profiles also deliver some
information regarding the repeatability of the processes and
analytical measurements. Depth profiles of the SRV® discs
were investigated under the same conditions as the overall
composition (surveys), over the sputtering area of 1 X 1 mm,
through Ar* (3 kV, 1 pA) ion bombardment. For depth pro-
files, the conversion factor from sputter current to depth was
set to 0.2 nm/(s mm? uA). Depth profiling on the SRV® balls
was not performed, due to the sample geometry.

3 Results and Discussion
3.1 Summary of the Chemical Parameters

Table 3 summarizes the chemical parameters of the tested
engine oil samples. A detailed description of the parameters
as well as an interpretation is presented in [5]. During the
field test, oil samples oxidize and accumulate organic acids
(oxidation products), which results in a NN increase. As
the base reserve neutralizes the originated organic acids, a
decrease of the TBN is visible.

The ZDDP antiwear additive is used up in the tribocon-
tact as well as during thermo-oxidative degradation pro-
cesses, consequently depletes. Soot originates in the engine
as an oxidation by-product, accordingly, it accumulates dur-
ing the field test.

Regarding the elemental composition, the accumulation
of iron (Fe) from engine wear is visible. The typical additive
elements, calcium (Ca), phosphorus (P) sulphur (S) and Zinc
(Zn) show only minor changes, some accumulation of Ca
and Zn is visible due to the loss of volatile base oil compo-
nents [7, 8], as well as some decrease in the sulphur content
due to formation of volatile sulphur containing compounds
[8], but the overall differences to the fresh oil are marginal.

3.2 Friction Properties
Figure la displays the propagation of the CoF during the

SRV® experiments (only one determination per oil sam-
ple is displayed). As shown, the CoF of the fresh oil is the
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Table 3 Chemical parameters of

T Mileage (km) 0 5000 8000 9500 13,500 20,000
the engine oil samples
Oxidation (A/cm) 0.0 7.5 10.6 12.3 19.1 30.2
NN (mgKOH/g) 1.6 1.7 2.6 2.8 4.5 5.6
TBN (mgKOH/g) 6.5 6.0 5.1 4.8 3.7 3.1
ZDDP (%) 100.0 46.1 322 8.8 6.8 6.5
Soot loading (A/cm) 0.0 2.5 3.3 4.3 4.4 5.3
Fe content (ppm) 5 11 19 24 37 66
Ca content (ppm) 1900 2150 2000 2050 2050 2100
P content (ppm) 720 760 730 770 810 720
S content (ppm) 2350 2150 2050 2050 2000 2250
Zn content (ppm) 880 910 880 930 990 960
(a) (b)
[CoF Il Effective CoF
018 [“Fresh —5,000 km 8,000 km 0150 0140 T
0.47 | —2:500km —13,500 km —20,000 km = r % r w
w 0.145 0.130 ©
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O g [Pglobmaint g %
013 . z 01 0110
i
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Fig. 1 a: CoF curve of the SRV® experiments b Average CoF and average effective of the engine oils

lowest among the samples and shows a decreasing trend
from approx. 3000 s onwards, which indicates the effect of
the present friction modifier additives. The used oil samples
show an overall increasing CoF level with the mileage, and
the decreasing trend of the CoF curve is not as pronounced
as in case of the fresh oil sample. These effects indicate the
degradation of the friction modifier additives, but further
investigations with mass spectrometry methods are needed
to uncover the exact structures and degradation mechanisms
responsible. Furthermore, in case of the samples with the
mileage of 13,500 and 20,000 km, respectively, some insta-
bility, fluctuation of the CoF is visible. This phenomenon
can most probably be attributed to the higher soot loading
and general (wear) particle content which might result in the
formation and subsequent breakdown of agglomerates in the
engine oil, hence, in the momentarily decrease and increase
in friction values. Moreover, Dorr et al. observed less stable
friction in case of artificially altered lubricants, which can
be attributed to the degradation of ZDDP and the formation
of less stable tribofilms [55]. In principle, it can be assumed
that both processes occur simultaneously and therefore con-
tribute to the higher variations in friction to some degree.
Figure 1b shows the average CoF and the average effec-
tive CoF of the oil samples, averaged from both experiments,

excluding the run-in phase (first 1800 s). CoF is calculated
from the maximal force during each stroke, while effective
CoF is based on the average force during the individual
strokes. Accordingly, effective CoF is more indicative of
the increase in friction losses during engine operation (fuel
economy).

The averaged values once again clearly show, how the
friction is increasing during the utilization of the engine oil.
The differences of the CoF between the 9,500 km, 13,500 km
and 20,000 km samples are considered insignificant. The
total increase in friction is significant and is close to 9% in
CoF and over 10% in effective CoF during the oil change
interval, which has negative effects on the fuel economy of
the vehicle. This highlights the importance of considering
oil condition during the operation of vehicles to ensure opti-
mal economical parameters. It has to be noted that the effec-
tive CoF values show a significantly lower standard devia-
tion (+ 1 standard deviation shown) and, accordingly, are
more sensitive to show differences between the oil samples.

3.3 Wear Properties

Figure 2 displays the 3D topography images of the SRV®
balls after the removal of the tribofilm. The steady increase
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Fig.2 Wear volume images of
the wear scars of SRV® test
balls

=

9,500 km

in the wear scar area as well as the wear volume is shown,
which indicates the deterioration of the wear properties of
the engine oil during its service life.

Figure 3a displays the measured wear volumes on discs
and on balls of both SRV® experiments with the respec-
tive engine oil samples. As shown, the applied tribologi-
cal approach displays a proper reproducibility (Please note
that the respective error bars of the wear volume data are
presented on Fig. 12 only). The wear on the SRV® balls
increases significantly with the mileage, whereas wear on the
SRV® discs shows a slight decrease after 5000 km, followed
by a steady increase. Dorr et al. obtained similar results
when investigating artificially altered lubricants. They also
demonstrated a slight decrease in wear in the beginning of
the artificial alteration process [55], which was attributed
to the availability of ZDDP degradation products, which
were acting more reactive compared to the original ZDDP

(a) Iron in engine oil (ppm) =A=ZDDP in engine oil (%)
M Ball wear test 1 [ Ball wear test 2
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2

additive. This is comparable to the presented results and
shows, that the initial phase of ZDDP degradation is likely
resulting in a decrease in wear, due to the ‘activation’ of the
antiwear additive. This decrease in wear was only detect-
able on the SRV® disc to a significant extent in case of the
presented used oils. Differences between the balls and discs
are expected, as the ball is under a steady state condition
during the SRV® experiments, whereas parameters on the
disc change continuously, as the ball reciprocates during the
individual strokes. Barnes et al. also outlined in a review
on ZDDP degradation, that both an increase and a decrease
in wear is possible, depending on the respective degrada-
tion mechanism [61]. It is conceivable, that the degradation
products in the oil present after 5,000 km mileage have a
positive effect on the tribofilm formation under non-steady-
state conditions, which results in a brief reduction of the
wear rate on the SRV® disc only.
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The authors previously reported on differences in the
wear mechanism in petrol and diesel vehicles, based on a
fleet study utilizing a large number of passenger cars [3].
Petrol vehicles displayed an increase in engine wear mainly
due to ZDDP depletion and the subsequent loss of wear pro-
tection, whereas abrasive wear due to high soot loading was
characteristic for diesel vehicles [3]. Accordingly, since the
investigated vehicle is fuelled by petrol, it is assumed that
the impact of ZDDP degradation is deterministic on wear
and investigated in detail. Nevertheless, soot loading and the
resulting abrasive effects definitely have significant impact
on the wear properties, but the available data do not allow
the determination of the extent.

Figure 3a also displays the residual ZDDP content deter-
mined by FT-IR of the engine oil samples. It is visible, that
the wear rate significantly increases after 5000 km mileage,
where the ZDDP is largely depleted. The total wear volume
(sum of the ball and disc wear, as shown by the stacked col-
umns) increases until 13,500 km mileage steadily and seems
to level out afterwards, as the 20,000 km sample shows com-
parable total wear volume to the 13,500 km sample, simi-
larly to the CoF. In fact, the overall increase in wear volume
is close to 420% during the lifetime of the engine oil. This
highlights the key importance of the wear protection addi-
tives in the reliable operation of lubricated systems. (Please
note that the mechanism of ZDDP degradation is discussed
in detail in 3.4 and 3.5).

Furthermore, the iron content of the engine oil (indicative
of the engine wear) is also displayed in Fig. 3a. The increase
in engine wear and the increase in wear during the model tri-
bometer experiments are following similar trends, suggest-
ing good comparability of the wear mechanisms. The iron
content of the engine oil (engine wear) and the measured
wear volume in the model tribometer experiments is once
again displayed in Fig. 3b. Since the iron particles resulting

(a)

from engine wear are accumulating during operation, the
cumulative wear volume from the SRV® tests is presented,
to ensure comparability. As displayed, the relationship of the
two parameters is largely linear (R?=0.975), which indicates
that the laboratory wear test method is adequate and cor-
relates correctly with behaviour of the engine oil samples.

3.4 Tribofilm Composition via XPS

The analysed tribofilms mainly consist of carbon (C), oxy-
gen (O), Ca, P, S and Zn.

Figure 4a displays the measured carbon content in the
respective tribofilms and Fig. 4b shows the corresponding
depth profile on the SRV® disc of the fresh (0 km) and
final used oil samples (20,000 km). Carbon, together with
oxygen, is one of the main components of the tribofilms,
accounting for approx. 20-35 at. % in total. In detail, carbon
content of the tribofilms is mainly aliphatic hydrocarbons,
but oxidized species, e.g. ethers and aldehydes as well as
carbonates were also identified as minor components. The
observable variation in the carbon concentration is attributed
to experimental XPS measurements uncertainties, further-
more, no clear trend can be observed during the lifetime of
the engine oil. Carbon is mainly observable on a thin layer
on the sample surface, concentration diminishes rapidly with
sputtering depth. The final used oil displays a slightly higher
carbon content in the tribofilm compared to the fresh oil in
the depth profile, but the overall differences are minor and
are not considered significant.

Figure 5a displays the measured oxygen content in the
tribofilms and the NN of the respective engine oil sam-
ples. Figure 5b shows the XPS oxygen depth profile on the
SRV® tested disc of the fresh and final used oil samples.
Oxygen, besides carbon, is one of the main components of
the tribofilm, accounting for approx. 45-55 at. %. Oxygen
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is predominately present as organic compounds, but some
metallic bounded oxygen (metal oxides) is also visible. The
samples show a comparable oxygen concentration in the tri-
bofilms, although the relative ratio of the metal oxides seems
to increase at higher oil mileages. This correlates with the
increasing NN and might be attributed to (tribo)corrosive
effects. The medial distribution of oxygen shows a maxi-
mum approx. 2 nm below the surface and a decreasing trend
afterwards. The fresh and final used oils display comparable
trends regarding oxygen distribution.

Figure 6a shows the measured calcium content in the
tribofilms and the NN as well as the TBN of the respec-
tive oil samples. Additionally, the calcium content of the
engine oil samples is also displayed. Calcium accounts for
approx. 8-16 at. % of the observed tribofilms and is present
as carbonate, oxide and sulphate. The calcium content of
the tribofilms is decreasing during the lifetime of the engine
oil and shows a good correlation with the NN increase and
the TBN decrease. This effect is especially prevalent on
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the SRV® ball but also visible on the disc to some degree,
and previous studies also showed a similar decrease in the
calcium content of the tribofilm during artificial ageing of
engine oils [55]. During the depletion of the base reserve,
the calcium carbonate base reserve additive neutralizes the
organic acids which are originating from the oxidation of the
oil samples [3, 5]. The base reserve consists of calcium car-
bonate (salt) particles suspended in detergent micelles in the
fresh oil [3, 62]. The neutralization reactions are resulting in
water, carbon dioxide and ‘free’, hydrated calcium ions [3].
It is possible that the state of calcium, whether it;s present
in a salt or as ‘free’ ions, has an influence on the tribofilm
formation process. It seems likely that calcium carbonate
particles representing the original state of Ca in engine oils
are incorporated with a higher probability in the tribofilm.
This might be linked to chemically induced corrosive effects
(‘acidic attacks’) on the surface, but further investigations
are needed to accurately describe the responsible physi-
ochemical processes. The final used oil displays a TBN of
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Fig.6 a XPS Calcium content of the tribofilms and NN as well as TBN of the respective oil samples b: XPS Calcium depth profile on the SRV®

tested discs of the fresh and final used oil samples
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approx. 3 mgKOH/g, which is attributed to difficulties with
the applied method, as the titration with strong perchloric
acid detects other basic substances than the base reserve as
well, e.g. dispersant bases, even diphenylamine antioxidants
and ashless amine additives [55, 63]. Accordingly, the base
reserve is considered to be depleted at this point.

Additionally, the calcium content of the engine oil sam-
ples stays close to constant during the lifetime of the engine
oil, which clearly indicates that the changes in the tribofilm
composition are linked to chemical changes of the additives,
not to the depletion of calcium from the engine oil.

Figure 6b shows the depth profile of calcium on the
SRV® disc of the fresh and final used oil samples. The cal-
cium concentration is somewhat lower directly on the sur-
face but close to constant from 2 to 24 nm depth. The final
used oil sample displays significantly less calcium in the
tribofilm compared to the fresh oil.

The following section addresses the changes in tribofilm
formation correlated with the degradation of the present
ZDDP antiwear additive. ZDDP tribofilms are mainly con-
sisting of glassy Fe/Zn polyphosphate on top of a thin iron
sulphide / zinc sulphide base layer. The tribofilm is usually
deposited in ‘pads’, accordingly, shows an inhomogeneous
lateral structure [52]. Figure 7 shows a schematic representa-
tion of a typical ZDDP tribofilm (figure produced from data
reported in [52]).

Figure 8a displays the determined phosphorus content
in the tribofilms, the residual amount of ZDDP and the
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phosphorus content of the engine oil samples. The analysed
tribofilms are consisting of approx. 4-10 at. % phospho-
rus present as phosphates. The phosphorus concentration
decreases in the tribofilms during the oil change interval,
which correlates well with the ZDDP depletion. This result
is expected, as the depletion of the ZDDP results in the loss
of wear protection, the loss of the ability of the engine oil
to form a glassy Fe/Zn polyphosphate film on the surface
[52]. Similar to the calcium concentration, the phosphorus
concentration shows no significant change in the engine oil
samples, accordingly, the differences in the tribofilm compo-
sition can once again be attributed to additive degradation,
changes in the organic structures and not the depletion of
zinc from the engine oil. Dorr et al. also found a decrease
in the calcium content of the tribofilm by artificially aged
lubricants [55]. Figure 8b shows the XPS depth profile of
phosphorus on the SRV® disc of the fresh and final used oil
samples. The medial distribution of phosphorus is relatively
uniform under the uppermost surface layer, but the tribo-
film resulting from the fresh engine oil displays significantly
higher phosphorus content compared to the tribofilm formed
by the final used oil sample.

Figure 9a shows the measured zinc content in the tribo-
films as well as in the engine oil samples and the residual
amount of ZDDP in the respective oils. The analysed tri-
bofilms are consisting of approx. 1-3 at. % zinc, present
as oxides and sulphides. One exception is the SRV® disc
of the fresh oil, where a significantly higher concentration
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Fig.8 a XPS Phosphorus content of the tribofilms and residual ZDDP in the respective oil samples b depth profile on the SRV® tested discs of

the fresh and final used oil samples
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Fig.9 a XPS Zinc content of the respective tribofilms and residual ZDD
fresh and final used oil samples

was measured. This might be attributed to the already
mentioned differences in the state and temperature of the
ball and disc, or simply to a local inhomogeneity at the
site of the respective survey measurement. The zinc con-
centration in the tribofilm, similar to phosphorus shows
a decreasing trend during the lifetime of the engine oil,
which is also consistent of the depletion of ZDDP and
the loss of surface protection (glassy Fe/Zn polyphosphate
film). Meanwhile, the engine oil samples are displaying
a close to constant zinc concentration, which once again
highlights that degradation of the additive structures is
responsible for the changes in the tribofilm composition.
The results of Dorr et al. are also confirming a decrease
in the zinc content of the tribofilm during the artificial
alteration of engine oils [55]. Regarding depth profiles, the
zinc distribution is also relatively consistent beneath the
surface layer, as displayed in Fig. 9b. The fresh engine oil
once again forms a tribofilm different from the final used
oil, namely the zinc concentration is significantly higher
as in the final used oil sample. Crobu et. al reported in [40]
that the polyphosphate chain length is dependent on the
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zinc concentration in the tribofilm. Accordingly, it is likely
that the fresh and used oils formed films with significantly
different polyphosphate chain length in this case as well.
It is conceivable that this difference is linked to the dete-
riorating wear properties as well.

Figure 10a displays the sulphur content in the tribofilms
and the engine oil samples, as well as the residual amount of
ZDDP in the oil samples. The sulphur content in the tribo-
films is generally low (approx. 2—4 at. %). This is consistent
with the structure of a typically formed ZDDP tribofilm,
where sulphides are only present as minor components in
the base layer [52]. The sulphur is mainly present as sul-
phide and sulphate, with some minor amount of sulphite
in some samples. It has to be noted, that the sulphur con-
tent of the tribofilm formed by the fresh engine oil contains
only sulphides, most likely as iron and zinc sulphide (both
ZDDP-film components), while films formed by the used
oils contain similar amounts of sulphides and sulphates in
most cases. Dorr et. al also obtained similar results in case of
laboratory aged engine oils, namely that the relative amount
of sulphates increases with engine oil degradation, while the
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Fig. 10 a XPS Sulphur content of the tribofilms and residual ZDDP in the respective oil samples b XPS Sulphur depth profile on the SRV®
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overall sulphur content remains relatively unaffected [55].
This can be attributed to tribocorrosive effects between the
degradation products, namely acids and the substrate sur-
face [55], which is only pronounced in case of degraded
lubricants. Somayaji et. al reported that a higher sulphate
concentration in the tribofilms generally results in poorer
wear protection [64], which is consistent with the obtained
results. Figure 10b shows the depth profile of sulphur which
is relatively unaffected in the tribofilms formed by both the
fresh and used engine oils. The fresh engine oil results in a
tribofilm with a slightly higher sulphur concentration, but
the overall differences are quite small and should be inter-
preted accordingly.

Figure 11a shows the iron concentration in the tribo-
films and residual ZDDP content of the engine oils. Iron
accounts for approx. 2-14 at. % of the formed tribofilms and
is mainly as iron oxide and as iron sulphide present. Some
low amount of metallic iron and iron disulphide can also
be detected, mainly in case of the oil samples with higher
mileage. The iron content shows a very significant increase
after the almost complete degradation of the ZDDP anti-
wear additive. This is consistent with the observed increase
in wear. Similarly, the final used oil sample forms a tribo-
film that contains significantly more iron on all observed
depths. Iron concentration in the tribofilm correlates with the
surface coverage by the ZDDP tribofilm. Due to the paddy
structure of such films, some of the (iron) substrate is not
covered, accordingly, visible for the XPS although the sput-
tering depth (24 nm) is significantly lower than the average
film thickness (50-150 nm). It is assumed that the increase
in the iron concentration is mainly caused by the decrease
in ZDDP film coverage, i.e. approx. 4% of the surface was
not covered in case of the fresh oil, which increased to over
12% during the lifetime of the engine oil.
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3.5 Correlation of the ZDDP Degradation
and the Tribofilm Formation

High-resolution MS was applied to generate further, in-depth
knowledge about the degradation products of ZDDP, since
commonly available FT-IR based methods, as presented in
3.4, are affected by interference of degradation products of
ZDDP [5] and do not give any insights on the additive deg-
radation on the molecular level, only a sum parameter.

The degradation mechanism of the present ZDDP addi-
tive was discussed extensively in [5] and [55]. The inves-
tigation with high-resolution MS revealed, that dihexyl
dithiophosphate (m/z 297.111) is the main component of
ZDDP in this specific engine oil formulation. The dihexyl
dithiophosphate decomposes rapidly during the formation
of organic degradation products, namely dihexyl thiophos-
phate (m/z 281.134; one sulphur atom replaced with oxygen)
and dihexyl phosphate (m/z 265.156; both sulphur atoms
replaced with oxygen). Afterwards, the elimination of alkyl
side chains [55] and the origination of sulphuric acid (m/z
96.960) and phosphoric acid (m/z 96.970) are observable
[5, 55].

The original dihexyl dithiophosphate could not be
detected by MS after 6000 km mileage. At the same time,
dihexyl thiophosphate increased swiftly to the peak intensity
that was detected after 2,000 km. Afterwards, the dihexyl
thiophosphate depleted rapidly until approx. 6000 km and
was detected only at negligible amounts until the end of the
field test. Dihexyl phosphate was observed from the begin-
ning of the field test and was detectable in high amounts
after the depletion of both dihexyl dithiophosphate and
dihexyl thiophosphate. Dihexyl phosphate also showed fluc-
tuating intensities, which did not allow to derive an exact
trend, nevertheless it remained at high levels until the end of
the service life of the engine oil. The origination of sulphuric
and phosphoric acid was observable after approx. 9000 km
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Fig. 11 a XPS Iron content of the tribofilms and residual ZDDP in the respective oil samples b XPS Iron depth profile on the SRV® tested discs

of the fresh and final used oil samples
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mileage, where both inorganic acids, although fluctuating in
intensity, remained present until the end of the field test in
a higher concentration.

As the degradation of ZDDP was very rapid, concentrat-
ing to the first approx. 6000 km of the field test, the whole
dataset is presented again, as already published in [5], to
achieve a reasonable time-resolution. Figure 12a (top) shows
the determined composition of the tribofilm on the SRV®
ball regarding ZDDP-relevant elements, namely iron, phos-
phorus and zinc. Figure 12b (middle) displays the propaga-
tion of the intensity of dihexyl dithiophosphate and its deg-
radation products, dihexyl thiophosphate, dihexyl phosphate,
sulphuric acid and phosphoric acid throughout the entire
field test. The detected total ion current (TIC) is presented
in arbitrary units. Figure 12c (bottom) shows the associ-
ated average total wear volume (sum of the wear volume
measured on the ball and the disc, averaged from the two

SRV® experiments) and average CoF (averaged from 1800
to 7200 s) of the oil samples.

It is visible, that the phosphorus and zinc concentration
decreases, the iron concentration increases significantly right
after dihexyl dithiophosphate (original additive) and dihexyl
thiophosphate (first degradation product) are both depleted.
This occurred around 6000 km total mileage. The remain-
ing dihexyl phosphate (final degradation product) performs
sub-par regarding wear protection compared to the dihexyl
dithiophosphate and dihexyl thiophosphate, indicated by the
‘sharp’ change in tribofilm composition, which also cor-
responds to the significant increase in wear (close to 420%
at the end of the field test compared to the fresh oil). Fur-
thermore, the deterioration of the friction properties indi-
cated by the increasing average CoF is also visible. Overall,
3 ‘phases’ can be observed (as denoted by dotted lines in
Fig. 12):
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e 1: Induction phase, which is characterized by the deple-
tion of the original dihexyl dithiophosphate and the
originated dihexyl phosphate. The tribofilm composi-
tion is unaffected until the complete depletion of both
structures, and the wear volume shows a slight decrease,
due to the ‘activation’ [55] of the antiwear additives by
partial degradation of the original ZDDP and the origina-
tion of organic ZDDP degradation species, e.g. dialkyl
thiophosphates.

e 2: Transient phase, which is characterized by the origina-
tion of dihexyl phosphate and later sulphuric (and phos-
phoric) acid. The tribofilm composition changes rapidly,
and a decrease in the phosphorus and zinc concentration
and an increase in iron concentration (decrease in surface
coverage) are observable. The wear volume increases sig-
nificantly.

e 3: Degraded steady state phase, where the additive deg-
radation and the resulting tribofilm composition reaches
a new steady state. The wear volume is significantly
higher than in the induction or transient phases, possibly
due to tribocorrosive effect of the now present sulphu-
ric and phosphoric acid but shows no further increase.
The 2 final samples with 13,500 and 20,000 km mileage,
respectively, are showing very similar tribofilm composi-
tion and well-comparable friction and wear performance
as well.

It is conceivable, that dihexyl phosphate would also
deplete at an even higher mileage, which once again might
result in a sharp change in tribofilm composition and a
further increase in wear, as it was the case in [55], but the
investigation of this effect has lower technical relevance, as
it would occur way over 20,000 km vehicle mileage, which
exceeds common (long life) oil change intervals. Please
note, that the deterioration of the friction properties can-
not be attributed to the depletion of ZDDP only, but to a
complex interplay of physiochemical deterioration, such as
friction modifier degradation as well as soot and particle
accumulation.

4 Conclusions

The tribological performance of an engine oil during a typi-
cal oil change interval of 20,000 km was observed. The col-
lected oil samples showed deteriorating friction and wear,
where the fiction increased with close to 9% and wear with
close to 420% during the service life of the engine oil. The
observed wear in the SRV® model tribometer and the iron
accumulation in the engine oil (engine wear) showed a good
linear correlation, which indicates that the relatively simple
tribometrical approach indicates changes in an in-service
ICE correctly.

Determination of the tribofilm composition of the model
test showed that calcium, phosphorus and zinc concentra-
tion decreased, while iron concentration increased during the
service life of the engine oil. The decreases can be correlated
to additive depletion; in case of calcium, the depletion of the
base reserve, and in case of phosphorus, zinc and iron, the
depletion of ZDDP and the subsequent increase in wear are
responsible for the changes in the tribofilm composition.
In case of sulphur, a decrease in sulphides and an increase
in sulphates were observed with the propagation of engine
oil degradation, which hints the presence of tribocorrosive
effects.

Comparison of the tribofilm composition with high-res-
olution mass spectrometry data on ZDDP and its respective
degradation products of the engine oil showed that the tribo-
film composition changes right after the depletion of dialkyl
dithiophosphates and dialkyl thiophosphates. First, a ‘transi-
tion phase’ occurs while the dihexyl phosphate and sulphuric
and phosphoric acid originate, then a new ‘steady state’ is
reached. The remaining dialkyl phosphates are producing a
tribofilm with lower phosphorus and zinc and higher iron
concentration. Correlation with the wear results suggests
that this film composition is sub-par with regard to wear
protection and that tribocorrosive effects might be present
to a greater extent.

It is noteworthy, how well real used oil samples and arti-
ficially altered lubricants correlate in both the additive deg-
radation on the molecular level and the resulting tribofilm
composition. The results presented by Dorr et al. in [55]
showed a very well-comparable ZDDP degradation pathway,
although further propagated in laboratory alterations. The
resulting changes were also similar; a decrease in zinc and
phosphorus and an increase in sulphates were observed with
advancing engine oil degradation, which is well comparable
to the presented results. This highlights that although field
tests are necessary to validate laboratory-based methods, a
carefully selected artificial alteration can replace them in
numerous cases, which results in a considerable reduction
in development cost and time.
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