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Friction and wear reduction by pure and technical grade glycerol monooleates (GMOs) was investigated in
commercial and model base oils, including the influence of water and acetic acid (AA) impurities. Small-angle X-
ray scattering (SAXS) indicated they cause micelle swelling and elongation. AA reduces the separation of OFM
from oil at room temperature (RT). Tribotests in a mini-traction machine with white light interferometry (WLI)
show that OFMs decrease the traction coefficient, especially at higher temperatures. AA addition also lowered the
traction coefficient at RT. X-ray photoelectron spectroscopy (XPS) revealed surface chemical changes that

depend on both tribotest conditions and lubricant composition. Wear was associated with the oxidation of
metallic iron. The effects of impurities intrinsic to technical GMO appeared to be significant.

1. Introduction

Lubricants ensure the smooth operation of engines by reducing
friction and wear, cooling the system, and preventing corrosion [1,2].
Lubricant performance is an important factor in reducing energy
wastage and greenhouse gas emissions [3,4]. Commercial lubricants are
complex formulations that typically contain a package of additives dis-
solved or dispersed in a base oil. Additives include, for example, anti-
oxidants, viscosity regulators, friction modifiers and anti-wear agents.
Anti-wear additives, such as zinc dialkyl dithiophosphate (ZDDPs) or
molybdenum dithiocarbamate (MoDTC), have been widely used since
the 1940s and provide wear protection by forming tribolayers [5].
Degradation products of such additives contain sulphur and phosphorus
compounds that can poison the catalytic converters in vehicles [6].
Moreover, from the perspective of electric vehicles, tribolayers increase
energy consumption due to their resistance to electric currents [7].
Wear- and friction-reducing agents with better compatibility are there-
fore intensively studied, e.g. nanoparticles [8-11], polymers [12-16],

oxide-based additives [17], ionic liquids [18-21], and organic friction
modifiers (OFMs) [22-26]. OFMs are usually nonionic surfactants con-
taining carbon, oxygen, hydrogen and nitrogen, built of a nonpolar tail
with at least 12 carbon atoms and a polar head group [27]. Bio-derived
OFMs are particularly attractive because of their sustainability, which
includes not only a low carbon footprint but also less propensity to form
noxious degradation products as a result of the absence of sulphur and
phosphorus groups.

Friction reduction by OFMs is often assumed to stem from monolayer
adsorption of the surfactant molecules to the interface, causing physical
separation of the contact [3,22,27]. Therefore, most studies on OFM
tribological performance focus on friction reduction in the boundary
lubrication regime, where multiple asperity-asperity contacts occur. Due
to their amphiphilic nature, OFMs also tend to form reverse micelles in
nonpolar solvents like base oils [28-30]. There is a balance between
self-assembly of micelles and adsorption. Adsorbed layers can indeed
consist of reverse micelles or clusters of micelles, rather than a mono-
molecular layer [31,32]. An equilibrium model for bulk and interface
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aggregation has therefore been proposed [33].

In a tribological contact, the molecular structure and composition of
OFM films can be changed, e.g resulting in multilayer film formation or
tribochemical reactions in hotpots with high temperature and/or pres-
sure. Moreover, small amounts of polar molecules such as water, alco-
hols or acids can enter the lubricant from the environment and cause the
chemical transformations of lubricant components. Such impurities can
not only influence the self-assembly and adsorption processes but also
create the potential for reactions with other components in the oil phase,
including metal particles released by wear. Such effects modulate, often
synergistically, the tribological performance of the lubricant [34,35].
Especially water and acids are usually detrimental to lubrication,
causing enhanced wear and corrosion [36]. Their presence is inevitable
under practical conditions, especially so with the increasing use of
biofuels, which are glycerol esters of fatty acids [37]. It is therefore
desirable to understand the molecular basis for the effects of polar
molecules, acetic acid and water, on the structure and performance of
OFMs.

In this study, we aimed to determine the mechanism of friction
reduction of the chosen OFMs, namely glycerol monooleate (GMO, a
single-component, model OFM) and technical grade GMO (industrially
used mixture with glycerol di- and trioleate), in the model lubricants
based on n-dodecane in the absence and presence of polar molecules:
acetic acid and water by comparison of their tribological performance
and colloidal self-assembly. The tribological characterization of the
systems was performed with a mini-traction machine (MTM). The
morphology and chemical composition of the steel surfaces were char-
acterized by white light interferometry (WLI) and X-ray photoelectron
spectroscopy (XPS), respectively. Colloidal self-assembly in the model
lubricants was examined by small-angle X-ray scattering (SAXS).
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2. Experimental
2.1. Materials

GMO - glycerol monooleate (1-oleoyl-rac-glycerol, >99 %, Sigma
Aldrich, see Fig. 1a), and technical GMO - a technical mixture of glyc-
erol mono-, di- and trioleate (1-oleoyl-rac-glycerol, ~40 %, Sigma
Aldrich, see Fig. 1b) were used as organic friction modifiers (OFMs).
GMO was stored below 0°C. Yubase-4 (group III mineral oil, SK Lubri-
cants; kinematic viscosity at 40°C: 19.57 cSt, viscosity index: 122) and
model oil n-dodecane (>99 %, Sigma Aldrich; kinematic viscosity at
25°C: 1.8 c¢St) were used as base oils (BOs). Milli-Q deionized water
(resistivity: 18.2 MQ-cm) and acetic acid (>99 %, Sigma Aldrich) were
used to study the effect of polar components. Heptane (>99.9 %, Sigma
Aldrich), acetone (>99 %, Sigma Aldrich) and ethanol were used for
cleaning. All chemicals were used without further purification.

20 mM (0.02 M) single-OFM solutions were prepared by mixing
OFM with base oil and magnetic stirring of the resulting mixture for at
least 30 min at 60°C. The resulting solution was used as soon as possible
after cooling down to ambient temperature. Model lubricants with polar
components were prepared similarly, by adding the desired amount of
water or acetic acid (AA) with the OFM. Water content was set to 1:5
OFM:water molar ratio, resulting in 100 mM (0.1 M) water concentra-
tion. For AA, two OFM:AA molar ratios were examined: 1:5 and 1:10,
resulting in 100 mM (0.1 M) and 200 mM (0.2 M) AA concentrations,
respectively. Such high concentrations of additives and polar molecules
(~1 wt% OFM, 0.2 wt% water, ~2.7 wt% and ~5 wt% for 0.1 M and
0.2 M AA, respectively) were chosen to ensure that species could be
detected by the X-ray analytical measurements, in which the solute/
solvent contrast, especially at high photon energies, is low and cannot be
enhanced by, e.g., deuteration of the components as practiced in neutron
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Fig. 1. Chemical structures of OFMs used in this study: a) glycerol monooleate (GMO), b) technical GMO as a mixture of (1) glycerol monooleate, (2) glycerol

dioleate and (3) glycerol triolate.
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analysis.

Mini-traction machine (MTM) standard specimens, 46 mm diameter
discs and 19.05 mm (%) balls, were purchased from PCS Instruments.
Both discs and balls are made of highly polished AISI 52100 bearing
steel, with the composition presented in Table 1. Properties of the
specimens are shown in Table 2. Before a tribotest, the ball and the disc
were cleaned in an acetone ultrasonic bath for 20 min. For each test,
35 ml of lubricant was used to ensure full immersion of the disc and ball
contact.

2.2. Methods

2.2.1. Mini-Traction Machine (MTM)

Friction and wear performance testing was conducted with an MTM-
2 instrument (PCS Instruments, United Kingdom). This instrument im-
plements a ball-on-disc geometry with the disc and ball specimens
described above. Our investigations of lubricant performance focused on
high values of the slide-to-roll ratio (SRR), which is defined as the ratio
of the sliding speed u; to the entrainment speed U, where mostly sliding
prevails at the contact. The SRR relates to the speeds of the ball and disk
surfaces ug and up, respectively, through

SRR =% _ |up — ug| _ |up — ug|
%(UD-'rUB)

U U M

The maximum SRR is 200 %, which represents the condition of ‘pure
sliding’, when either up or up are 0. When u, is zero, a wear track is
created on the disc. The SRR is zero when the ball and disc rotate with
the same speed in the same direction, representing the condition of ‘pure
rolling’. When the ball and surface rotate at different finite speeds
relative to each other at the contact, then mixed sliding-rolling condi-
tions apply.

The conditions of the tribotests run for OFM solutions in Yubase-4
were similar to those used by Campen et al. [22]. The same set of con-
ditions was unsuitable for the model formulations in n-dodecane
because of its lower viscosity. For Yubase-4, it was possible to run tests in
which SRR, speeds and temperature were kept constant for 2 h (timed
step), followed by a Stribeck analysis as a function of entrainment speed
at constant temperature and SRR. For the samples based on n-dodecane,
only Stribeck curves could be measured due to excessive friction at the
timed step test speed that forced the premature end of the procedure.
Details of the conditions are collated in Table 3

For the tests in Yubase-4, only base oil and OFM solutions without
polar components were measured to obtain a preliminary set of data for
a more realistic system (prolonged constant friction at elevated tem-
perature and commercial base oil) and to compare if the same trends for
friction reduction are noticed for the model system with n-dodecane. For
formulation in n-dodecane tests were performed at least twice for a
reproducibility check, although some of the tests (especially at 25°C)
were not found to vary significantly across different formulations, sug-
gesting high reproducibility. These were therefore performed only once.
Generally, where changes were observed, the observation of monotonic
trends across different measurements also indicates good reproduc-
ibility. The full list of examined formulations is presented in Table 4

2.2.2. X-ray Photoelectron Spectroscopy (XPS)

XPS measurements of the discs after tribotesting were performed in
an EnviroESCA near-ambient pressure system (Specs Surface Nano
Analysis, Germany) with a monochromated Al K, X-ray source (photon
energy: 1486.6 eV). The diameter of the beam spot on the sample

Tribology International 214 (2026) 111140

Table 2
Properties of the MTM standard specimens.
Specimen  Diameter Roughness, Elastic Poisson’s Hardness
(mm) R, (nm) modulus ratio (HV)
(GPa)
Disc 46 10 210 0.29 720-780
Ball 19.05 20 210 0.29 800-920
(CZ9)
Table 3
Tribotest conditions.
Parameter Yubase-4 n-dodecane
Temperature 60°C and 100°C 25°C and 55°C
Load (contact pressure) 40 N (1 GPa) 20 N (0.85 GPa)
SRR 200 % (up = 0) 150 %
Recipe 2 h timed step followed by Stribeck  Stribeck only
U (Stribeck) 3000-15 mm/s 2500-25 mm/s
Speed (timed step) 20 mm/s -
Test duration (timed step) 2h -

Table 4

Tested formulations. LT and HT mean lower and higher temperatures, respec-
tively, for the specific test (60°C and 100°C for Yubase-4, 25°C and 55°C for n-
dodecane).

# OFM Yubase-4 n-dodecane
1 None LT, HT LT, HT
2 None + polar molecules - 100 mM water LT, HT
100 mM acetic acid LT, HT
3 GMO LT, HT LT, HT
4 GMO + polar molecules - 100 mM water LT, HT
200 mM acetic acid LT, HT
5 Tech. GMO LT LT, HT

6 Tech. GMO + polar molecules - 100 mM water LT, HT
100 mM acetic acid LT, HT

200 mM acetic acid LT, HT

surface was ca. 0.3 mm. Measurements were performed under high
vacuum conditions, with pressures approximately in the 10~ mbar
range.

To protect the steel surface from air after the MTM tests, the steel
discs were kept covered in the lubricant oil film until XPS measurements
were performed. The excess lubricant was then removed by rinsing with
heptane and gently wiping with a fresh Kimwipe tissue, followed by
blowing with air to remove dust. For each XPS run, 3 discs were placed
on the sample stage and fixed with a small piece of double-sided
conductive tape.

C1s,01 sand Fe 2p core level emission spectra were recorded as an
average of 4 scans with a pass energy of 50 eV, 0.1 eV step size and 0.2 s
dwell time per datapoint. The footprint of the X-ray beam on the sample
is approximately a circle with a diameter of 300 pm. For each sample,
XPS measurements were performed inside the wear track formed during
the MTM test and ca. 1.5 mm away from the track to assess tri-
bochemical changes from purely surface chemical changes induced by
contact with the lubricant.

Data analysis of the collected spectra was performed with CasaXPS
software, using Shirley backgrounds and Gaussian-Lorentzian line
shapes (70 % Gaussian) for all emission lines except for the metallic Fe?
2ps3,2 line, which was fitted with a Lorentzian asymmetric line shape LA

Table 1

Chemical composition of AISI 52100 steel [38].
C Cr Mn P Si S Fe
0.98-1.10 % 1.30-1.60 % 0.25-0.45 % < 0.025 % 0.15-0.30 % 0.03 % bal.
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(1.2,4.8,3) [39,40]. The binding energy scale was calibrated using the
centroid of the aliphatic C 1 s emission peak component at 285.0 eV. Fe
2p spectra exhibit not only the familiar 2p spin-orbit split but also
complex multiplet effects, hence the common practice [39-42] of ana-
lysing only the Fe 2p3,» component was followed.

2.2.3. White Light Interferometry (WLI)

Variations in the morphology of the wear tracks between different
samples were visible by the unaided eye. To obtain accurate 3D surface
profiles of the worn discs, non-destructive white light interferometry
(WLI) measurements were performed using the NPFLEX-1000 (Bruker,
Germany) instrument. Calibration verification was undertaken using a
10.08 pm step height standard. Samples after XPS measurements
(without residual oil film) were scanned at 4 points, evenly distributed
around the sample surface to ensure repeatability. The resulting
300 x 300 pm profiles with the wear track around the middle of the
picture were analysed using Bruker Vision64 software to obtain wear
track width. 3D image processing was performed to flatten the measured
surface and obtain roughness values after the application of the Gaussian
regression filter.

2.2.4. Small-Angle X-ray Scattering (SAXS)

SAXS measurements of doped and undoped OFM solutions in n-
dodecane were performed at the IDO2 TRUSAXS beamline at the Euro-
pean Synchrotron Radiation Facility (Grenoble, France). Three sample-
to-detector distances were used (1, 10, 31 m), combined with an X-ray
energy of 12.23 keV (1 = 0.101 nm), leading to an available g-range of
0.001 — 7.6 nm~* (0.0001 — 0.76 10\’1), where q is the scattering vector,

47sing
I

(2)

with 6 being the scattering angle. SAXS measurements were performed
in a flow-through capillary with OD = 2 mm with automatic washing
using Hellmanex and water. Data were collected using an Eiger2 4 M
detector (Dectris, Switzerland) pixel array detector and sample trans-
mission was measured simultaneously. Samples underwent an irradia-
tion test to ensure the exposure time (texp = 0.1 s) caused no damage,
then a scan along the capillary of 10 x 0.1 s measurements was taken
and averaged to improve data quality. Then, the 2D data underwent
reduction: normalisation to an absolute intensity scale, azimuthal inte-
gration, and corresponding background subtraction to yield the 1D SAXS
profiles expressed as I(q). Further details on the data analysis are
included in the Supplementary Information equations 4-7.

3. Results and Discussion
3.1. Tribological Behaviour of the Model OFM Formulations

3.1.1. Effect of Base Oil — Yubase-4 vs. n-Dodecane

Yubase-4 is a commercially used base oil with a higher viscosity than
n-dodecane, allowing for lubrication at higher temperatures, loads and
slide-to-roll ratios (SRRs). Because it is a commercial mineral oil with
variable composition, including molecules potentially adsorbing to the
surface [43], it is more difficult to establish molecular structur-
e/performance relationships for its formulations. Therefore, n-dodecane
was predominantly used as a model base oil, building on previous
studies by neutron techniques and with custom-built tribometers [44,
45]. An advantage of n-dodecane is also that it is liquid at room tem-
perature and requires no additional heating to perform measurements.
Solutions of OFMs in n-dodecane are clear and stable at room temper-
ature, while OFM solutions in Yubase-4 are clear at the preparation
temperature (60°C) but become cloudy at room temperature. The
cloudiness arises from the additive precipitating out in the form of a
powder or gel gathering further at the bottom of the container. Addi-
tionally, the lower viscosity of n-dodecane allowed for less vigorous
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experimental conditions (e.g. lower temperature and SRR) to be used;
using the same conditions as for Yubase-4 testing was not possible due to
excessive wear, leading to the premature end of the measurement.

For both base oils, it was found that at the lower test temperature, the
OFM additive does not affect the traction coefficient strongly as a
function of time and speed; friction variations due to the OFM additive
are observed at the higher test temperature. This suggests that at the
lower test temperature the base oil film persists and carries the load,
while at the higher temperature, the film breaks up as a result of the
viscosity drop and the surface is protected only by adsorbed additive, if
present. Higher temperature also ensures better solubilisation of the
OFM, while at the lower temperature, some aggregates may remain in
the oil, limiting the amount of the additive that can adsorb to the
surface.

Without any additive, excessive wear prevented the timed step from
finishing (Fig. 3b, Yubase-4 at 100°C), and the traction coefficient
started rising dramatically from a value of 0.08 at ca. 100 mm/s
entrainment speed to 0.165 at 15 mm/s (Fig. 2b, Yubase-4 at 100°C).
Despite the substantial viscosity difference between Yubase-4 and n-
dodecane, the lambda ratio calculations (included in Supplementary
Information Table S1) show that for both base oils at both test temper-
atures, the lambda ratio is much below 1 at the slowest entrainment
speeds (15 mm/s for Yubase-4 and 25 mm/s for n-dodecane), which
confirms the boundary lubrication regime, in which OFMs are supposed
to operate generally. At higher entrainment speeds, the systems lubri-
cated with n-dodecane and Yubase-4 at 100°C enter the mixed lubrica-
tion regime, and those lubricated with Yubase-4 at 60°C can reach the
elastohydrodynamic lubrication regime. Temperature- and additive-
related trends remain the same for all base oils, as well as the
maximum traction coefficient (ca. 0.14-0.16), even if the test conditions
were different (temperatures, load, SRR, Stribeck curve measurement
after the timed step or done on the fresh oil). Considering the similarity
of results obtained in other OFM studies with n-dodecane [44,45] and
with n-hexadecane (the latter at elevated temperature) [22,27,46], it is
justified to use n-dodecane as a model base oil in tribological and
structural studies.

3.1.2. Effect of OFM presence and type

Adding an OFM to the base oil leads to traction coefficient reduction.
For formulations in Yubase-4, the effect on the Stribeck curve is well
visible at 100°C (Fig. 2). For 2-hour tests carried out with Yubase-4,
adding OFM reduces the traction coefficient at a given temperature
(Fig. 3). Technical GMO shows the highest reduction of traction coeffi-
cient for tests in Yubase-4 at 60°C (Fig. 2a) and undoped and water-
doped n-dodecane at 55°C (Fig. 4b, d) in the studied speed range. As
tech. GMO is a mixture of around 40 % GMO, 15-40 % glycerol dioleate
and 15-40 % glycerol trioleate, the components with more oleyl chains
are important in the friction reduction mechanism of this OFM, even if
they have fewer free hydroxyl groups, mainly responsible for
adsorption.

At 25°C, Stribeck curves for OFM-containing formulations in n-
dodecane have similar values to those of the base oil only, emphasizing
the predominant influence of the base oil rather than OFM at this tem-
perature. Between 25 and 55°C, the dynamic viscosity of n-dodecane
drops from 1.344 mPa-s to ca. 0.920 mPa-s, resulting in a thinner
lubrication film. Campen et al. [22] noticed similar trends between
lower and higher test temperatures (35 and 100°C) for formulations in
hexadecane, explaining that despite falling in mostly in the boundary
lubrication regime (according to e.g. Hamrock and Dowson [47] or
Chittenden et al. [48] models), the friction tests must have been carried
out rather in a mixed lubrication regime, where the fluid film is not
negligible. The lambda ratio calculated for n-dodecane at 25°C remains
below 1 for entrainment speeds 25-1675 mm/s (boundary lubrication
regime). At higher speeds, it enters the mixed lubrication regime,
reaching the value of 1.372 at the maximum entrainment speed of
2500 mm/s. At 55°C, the lambda ratio remains below 1 for almost the
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Fig. 2. Stribeck curves for OFMs in the Yubase-4 base oil after 2 h MTM testing at load 40 N, SRR= 200 %, at a) 60°C and b) 100°C. GMO lubricant at 100°C and
tech. GMO at 60°C had the lowest traction coefficients, which were similar, especially at the lowest rolling speed (the thinnest lubrication film); tech. GMO was not
tested at 100°C. The traction Stribeck curves generally converge at the highest rolling speeds (the first measurement point).
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Fig. 3. Traction coefficient evolution over time during 2 h test at load 40 N, SRR= 200 %, at temperatures a) 60°C and b) 100°C. For most of the single-additive
lubricants at both temperatures, the traction coefficient remains relatively stable during the test, apart from the base oil at 100°C for which the traction was the
highest and the test was stopped prematurely due to excessive wear. The behaviour of GMO at 100°C and tech. GMO at 60°C is very similar.

whole speed range, and reaches 1.060 at 2500 mm/s. Increasing the
temperature reduces the viscosity, leading to the fluid film breaking and
more pronounced asperity-asperity contact. For lubricants with
Yubase-4 (Fig. 3), the traction coefficient remains relatively constant
over time for most of the samples at both temperatures. A significantly
lower traction coefficient at 60°C for tech. GMO stands out compared to
other lubricants at this temperature. At 100°C, the test with base oil only
was stopped prematurely due to traction transducer readings out of the
calibrated range - the traction coefficient is higher than OFM-containing
formulations from the beginning of the test and slightly decreases before
the forced end. The reasons are the wear of the specimens and the

lubricant film rupture, leading to inappropriate transducer readings in
the final part of the test. The additive decreases traction and wear
enough to complete the test.

3.1.3. Effect of Small Polar Molecules: Water and Acetic Acid

Water has a limited effect on the Stribeck curve shape for samples
tested in OFM-containing oils at both studied temperatures (Fig. 4c and
d). Only a mixture of base oil with water shows a significant difference
compared to neat base oil. At 25°C, it presents a lower traction coeffi-
cient at faster rolling speeds and suddenly increases to the highest value
from all water-doped formulations. At 55°C, the traction coefficient
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and temperature (a, d, e) 25°C and (b, e, f) 55°C. Acid doping significantly affects the Stribeck curve evolution, contrary to water doping, which shows very similar

behaviour to undoped systems.

remains high for almost the whole speed range. For OFM solutions, the
Stribeck curves look very similar for undoped and water-doped systems
(Fig. 4a-d; these subplots are collated in Fig. S1 in Supplementary In-
formation), and the values of the traction coefficients at 25 mm/s
entrainment speed are also comparable (Fig. 5). There is a slight traction
coefficient reduction at the low entrainment speeds for the test with
GMO + water at 55 °C compared to GMO only (Fig. 4bc and Fig. S1).
The effect of water addition can be explained by the high polarity of
water compared to nonpolar n-dodecane and their immiscibility. The
added water is not dispersed in the oil and instead forms large droplets
to reduce unfavourable contact between the water and oil. In this case,
water could adsorb to the polar steel surface, creating an island of water
rather than a uniform film. The addition of a surfactant (OFM) helps to
transfer the water to the steel surface by entrapment of water inside the
micelles. Therefore, the OFM is mainly responsible for friction reduction
but water creates a layer between steel and the OFM. As pure GMO has

more free hydroxyl groups at the same concentration compared to tech.
GMO, the water layer on the steel surface can facilitate the adsorption
and friction reduction of GMO in the most boundary lubrication con-
ditions. Yi et al. [26] proved that in MD simulation, and their recipro-
cating friction test on SigN4 showed that environment humidity up to
30 % does not affect friction, compared to 0 % humidity; this can
explain the very limited changes in Stribeck curves between
water-containing and water-free formulations in this study. Although
the effect may be present at higher water concentrations, adding this
polar agent also reduces the solubility of OFMs and the stability of the
lubricant at room temperature. Pure GMO is prone to precipitation,
especially when water is added. Tech. GMO remains stable in the oil
even in the presence of water. All the OFM formulations in n-dodecane
form clear solutions at 55°C but due to the limited stability at room
temperature, other water concentrations were not studied here.

The effect of AA is more complex than that of water. All the studied
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acid-containing formulations show a decrease in traction coefficient
over the whole Stribeck curve at 25°C, and the difference between the
base oil with AA only and oils with OFM is more pronounced than in all
other cases of lubricants tested at lower temperature (both for Yubase-4
and n-dodecane-based lubricants). Also, as mentioned above, the Stri-
beck curves of formulations are very similar at this temperature in the
presence and absence of water. GMO and tech. GMO solutions con-
taining 0.2 M AA behave almost identically, and the traction coefficient
is lower than for base oil + 0.1 M AA. At 55°C, most of the samples show
similar levels of traction coefficient in high and medium rolling speeds,
and more severe differences are observed at lower speeds (i.e. thinner
lubrication films). In this case tech. GMO + 0.2 M AA exhibit the most
efficient friction reduction in the low-speed range (ca. 25-55 mm/s).
Surprisingly, the abnormal increase of the traction coefficient was
noticed for tech. GMO + 0.1 M AA at 55°C (Fig. 5b), not following the
decreasing trend with increasing acid concentration at 25°C (Fig. 5a).
The traction coefficient for tech. GMO + 0.2 M AA 55°C is also slightly
higher than undoped tech. GMO at the same temperature. Carboxylic
acids are more soluble in alkanes than water, so acid-containing solu-
tions are noticeably more stable at room temperature and do not show
precipitation tendencies like water-containing ones. Nevertheless,
changes in tribological behaviour suggest that the acetic acid plays an
active role in the lubrication; the effect at 25°C can be explained by acid
dissolution in n-dodecane, which appears to lead to better lubrication of
the steel contact than by neat n-dodecane. Overall, n-dodecane with
some AA content appears to be a more suitable solvent for OFMs. A
similar approach of mixing alkanes with short carboxylic acids is
adapted in e.g. chromatography to adjust the polarity of the eluent and
consequently the solubility of the studied phases [49,50]. On the other
hand, high corrosion around the wear track for tech. GMO + 0.2 M AA at
25°C suggests that the steel surface is attacked by the acid. X-ray
reflectivity and MD simulations demonstrated that the water dopant
adsorbs to the iron oxide surface before the OFM [44]. This can be

assumed for acetic acid as well, because of its polarity similar to water
(dipole moment of 1.76 D for AA [51] and 1.85 D for water [52]). An
adsorbed acid layer can promote better adsorption of the OFM onto the
surface, protecting the contact and effectively reducing friction. A
decrease of traction coefficient for base oil + 0.1 M AA at 25°C can be
interpreted as acetic acid working as a simple organic friction modifier,
despite being a small molecule. However, for the alloy used in this study
(standard bearing steel without anticorrosion alloy additives) the
corrosion by AA is uncontrollable. Despite low friction, the wear can be
severe and eventually, the high acid concentration is more damaging to
the steel than AA-free base oil formulations. 0.1 M AA content sub-
stantially increased friction at the lowest speed compared to AA-free
formulations at 55°C (Fig. 5b) which highlights the importance of
both the nature of the small molecule polar additive and its concentra-
tion for the friction reduction properties of the oil. Elevated temperature
prevents acid and OFM adsorption [53] onto the surface to the point that
the additive cannot provide friction reduction. However, higher tem-
perature can promote dissociative chemisorption [54]. Wang et al. [54]
determined that strong chemisorption becomes an important factor from
ca. 110°C, so it is not expected under the conditions used in the present
study. where the maximum test temperature in n-dodecane was 55°C.
However, the low viscosity of the n-alkane (as opposed to poly-alpha
olefin in the previous study) may facilitate strong chemisorptive in-
teractions (and other tribochemical reactions) at lower temperature.
Concerning corrosion, normally, corrosion rates would increase at
elevated temperatures in the presence of acetic acid. However, less rust
or wear was noticed for tech. GMO + 0.2 M AA at 55°C compared to
25°C, which also confirms the importance of acid adsorption on the
tribological performance and its decrease with increasing temperature.

3.2. Chemical and Morphological Changes of the Worn Surface

During the tribotests, values of the traction coefficient and the shape



L Kicior et al.

of the Stribeck curve differ between tests depending on the lubricant
formulation used and the temperature of the test. Directly from the test,
information about the friction (between the surfaces) can be obtained.
This is not possible for characterizing wear, so other techniques must be
included to measure the wear track width and chemical change of the
surface. Moreover, the OFMs can physisorb or chemisorb to the surface
depending on the temperature [54]. Each disc sample after the test was
examined by the naked eye. Substantial damage of the sample with
visible corrosion was noted for the disc lubricated with tech. GMO
4+ 0.2 M AA at 25°C, while it reached the lowest traction coefficient in
the slow rolling speed from all measurements at 25°C. XPS measure-
ments were conducted to get a better understanding of the processes of
wear on the steel surface and possible attack of the polar small molecules
promoting the (tribo)corrosion. Survey spectra of the discs (an example
of an untreated reference sample is presented in Fig. 6a) showed distinct
emission lines for iron (mainly Fe 2p), oxygen O 1 s and carbon C 1 s, as
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expected from the study of AISI 52100 steel composition (Table 1). A
weak peak for calcium can be noticed around a binding energy of 350 eV
and is an impurity in the steel.

C 1 s spectra of all measured samples (an example is presented in
Fig. 6b) reveal adventitious carbon contamination on the disc from the
cleaning process with heptane and residuals of the lubricant (for the
untreated sample, the adventitious carbon comes mostly from the
cleaning). As the wear tracks on various samples had visibly different
depths and general morphology, the amount of residual oil is not con-
stant. Trends in the concentration of specific carbon species are not
clear. The main carbon species that can be distinguished are aliphatic
carbon (C-C, C-H; used for binding energy scale calibration) and carbon-
oxygen moieties (C-OH, C-O-C, O-C=O0) [55]. The additional peak at
lower binding energy from the main peak (BE ~ 284.8 eV) corresponds
to C from iron carbide, which is present in the AISI 52100 microstructure
in the form of distinct precipitates, separated from each other by even 5
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Fig. 6. XPS spectra: a) survey spectrum for untreated MTM disc, showing clear peaks for Fe 2p, O 1 s and C 1 s without other significant contributions. A weak peak
around 350 eV corresponds to Ca 2p impurity. b) C 1s, ¢) Fe 2p, and d) O 1 s XPS spectra for the wear track area and outside wear track area for the disc after

tribotest in neat n-dodecane at 55°C as an example of the fit.
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pm [56]. Due to the heterogeneity of carbide regions, the intensity of its
C 1 s emission depends on the measurement spot. In many cases, the
Fe-C peak intensity was lower in the wear track than outside, which may
suggest that the worn surface areas are covered with the newly formed
oxide and organic overlayer. From C 1 s spectra only it is not possible to
conclude which samples show the signs of chemisorption.

Fe 2p3,; spectra (an example is presented in Fig. 6¢) were fitted with
one peak for metallic iron Fe®, 5 peaks for Fe?* and 5 peaks for Fe>*
oxidation states, similarly to Molchan et al. [40]. The Fe 2p emission is
complex due to presence of multiplets, and therefore it is impossible to
directly link the peaks with the chemical species as for C1 sand O 1s.
However, it remains an important source of information about the sur-
face changes of the steel. Fe 2p; 5 was excluded from the fitting process
altogether, as it overlaps with additional satellite peaks and does not
substantially alter to the atomic concentration ratios derived from fitting
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only the Fe 2p3,, components. Clear trends for each fitted Fe species can
be observed, though. Fe?™ (Fe,03) and Fe>* (Fe304 and FeOOH) con-
tents as well as the ratio of Fe®/Fe2*/Fe®* gives information about the
oxides and hydroxides produced in the wear area. Atomic concentra-
tions of Fe species are presented in Fig. 7a (at 25°C) and Fig. 8a (at 55°C)
for formulations based on n-dodecane and in Fig. 9a on Yubase-4. In
almost all cases, the metallic iron concentration decreases in the wear
track compared to the outside area while the content of Fe2* and Fe>*
increases, indicating the formation of an oxide layer in the tribocontact.
Fe3* content increases mostly in visibly corroded samples, after tests in
lubricants containing acetic acid or water, e.g., the disc after tech. GMO
-+ 0.2 M AA at 25°C. For the neat base oil, more oxide is present in the
wear track for the sample tested at 55°C compared to the one tested at
25°C, which can be explained by the thinner oil film, exposing the steel
surfaces to direct contact and increasing wear. The changes in metallic
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Fig. 7. Comparison of atomic concentration of a) combined iron components from Fe 2p spectra and b) oxygen components from O 1 s spectra for discs after
tribotests in n-dodecane at 25°C. Tech. GMO + 0.2 AA was tested in 3 spots (explanation in the text). Not all tested samples could be measured by XPS due to

magnetisation. ‘None’ in the first column means ‘no lubricant’.
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Fig. 8. Comparison of atomic concentration of a) combined iron components from Fe 2p spectra and b) oxygen components from O 1 s spectra for discs after
tribotests in n-dodecane at 55°C. Not all tested samples could be measured by XPS due to magnetisation. ‘None’ in the first column means ‘no lubricant’.

content are also visible between the untreated sample and outside wear
track area in all cases. It suggests that contact with the lubricant without
friction already changes the steel surface (generally decreasing the Fe’
content and increasing Fe?>*/Fe3"), possibly due to the chemisorption
occurring at elevated test temperature or during storing the discs with
the residual oil film before the XPS measurement. In this case,
comparing the spectra for the same sample in the wear track and away
from it is essential for determining the effect of friction rather than
comparing the untreated sample with tested discs. A useful indication of
the level of friction-induced oxidation and chemical attack of the
lubricant outside the tribocontact is the Fe3* concentration ratio be-
tween the wear track and off-track area (Fig. S3 in the Supplementary
Information).

In the O 1 s spectra (an example is presented in Figs. 6d), 5 main
components were identified: main Fe-O oxide, defect oxide and hy-
droxides, 2 organic peaks [55,57] and 1 peak for water. Corresponding
atomic concentrations are summarized in Fig. 7b and Fig. 8b for for-
mulations in n-dodecane and in Fig. 9b for Yubase-4. The trend of
increased hydroxide content in the wear track indicates corrosion and
agrees with the Fe 2p data. Wear tracks of the samples tested in oils
containing acid or water show a higher content of water than outside the
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wear track. In the case of acid-containing formulations, the higher water
content can arise from the corrosion redox reactions of steel. Moreover,
higher water content is also observed for undoped tech. GMO samples,
as the technical grade OFM is hygroscopic and contains water as
received. Due to the difficult interpretation of C 1s spectra,
carbon-oxygen components from O 1s spectra were compared to
approach the question of chemisorption and chemical changes of OFMs
in the tribocontact. Assuming that OFMs adsorb through the free hy-
droxyl group, hydroxides content can also be ascribed to them. GMO,
tech. GMO and AA have C=O0 group(s), and esters have C-O-C bonding,
therefore, both organic peaks in O 1 s spectra should be considered in
the analysis of adsorbed species. In Fig. 7b and Fig. 8b, C=0 concen-
tration indeed increased in the samples containing AA and/or GMO. In
GMO + AA at both concentrations both molecules can contribute to the
content of this component. Surprisingly, very low concentrations of
C=O0 are observed for tech. GMO at both 25 and 55°C and tech. GMO
-+ 0.2 M AA at 55°C. Possibly the carbonyl group in the ester undergoes
a tribochemical reaction, forming a better lubricating species that could
chemisorb. This can explain higher concentrations of C-O species in
these samples, as C-O can come from the reacted carbonyl group
alongside the native C-O bond present in these molecules. For other
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Fig. 9. Comparison of atomic concentration of a) combined iron components from Fe 2p spectra and b) oxygen components from O 1 s spectra for discs after
tribotests in Yubase-4 at 60°C and 100°C (T60 and T100, respectively). Noisy spectra from the disc after the tech. GMO test at 60°C were excluded from the analysis.

samples, the C-O content is similar, comparing the wear track and
off-track area and samples between each other. No clear trends between
the two temperatures were noticed, because of the limited number of
samples in the same oil formulations tested by XPS. Quantitative inter-
pretation of the O 1 s spectra must be done with care, however, due to
the combination of adsorbed and adventitious oxygen species [58] — as
can be seen for untreated disc, all oxygen components were found on the
surface.

The residual oil film was kept on the disc surfaces to prevent
oxidation, especially of the wear track. However, leaving a small amount
of the oil (especially acid-doped) could keep modifying the chemical
composition of the surface. Despite no drastic change observed between
the tribotest and XPS measurement (i.e., visible corrosion was noticed
just after the end of the MTM measurement of specific samples and it did
not obviously progress outside the wear track area over 2 weeks), iron
and oxygen species concentration can differ from those for the freshly
tested sample.

To complement the spectroscopic study, a white light interferometer
was used to collect 3D profiles of the samples tested in n-dodecane, from
which roughness change or wear loss can be obtained. This non-
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destructive technique was chosen over contact profilometry to avoid
destroying the corroded layer and was well-suited for the reflective
surfaces of the MTM discs. As the samples were tested shortly, mainly to
collect Stribeck curves without prolonged rubbing, wear loss is not
significant in most cases (but can give an insight into the early wear
stages). An example of WLI 2D map 1D profiles for the disc after the test
in tech. GMO + 0.2 M AA at 25°C is shown in Fig. 10. Mean wear track
widths for all samples are collated in Fig. 11, together with wear track
pictures obtained from Vision64 software. Noteworthy, in many cases,
especially samples produced in the absence of polar small molecules, the
wear track was unnoticeable by interferometry and had an assigned
value of 0 mm.

Tech. GMO + 0.2 M AA produced the widest wear track of all studied
samples with visible signs of corrosion (red rust, ‘inside’ point in XPS),
but the middle part of the track (‘weartrack’ in XPS) is only slightly
rougher than the off-track area and in the picture, it looks almost un-
affected. This can explain the very low traction coefficient for this
formulation because the actual ball-disc contact shows no wear
(Fig. 10), understood as the material loss and an indentation in the
surface profile. Severe damage to the area next to the contact is caused



L Kicior et al.

0.5

0.0

wrl

-1.5
1.7

Tribology International 214 (2026) 111140

e
IS
L

e
)
N

g
=}
L

e

Surface height (um)
S
b

-0.4-

-0.6 T
0.0 0.5

10 15 20 25 3.0

Measured length (mm)

Fig. 10. An example result of WLI: a) 2D map and b) 1D profile along Y direction of tech. GMO + 0.2 M AA sample tested at 25°C showed severe wear outside the
ball-disc contact and unaffected contact area (it has the same roughness as the rest of the surface).

= nodoping, LT

@ 0.1M water doping, LT
A 0.1M acid doping, LT
‘Y 0.2M acid doping, LT

B nodoping, HT

A 0.1M acid doping, HT
WV 0.2M acid doping, HT

@ 0.1M water doping, HT|

0.9 -

0.8+ BO + 0.1M water, HT

€ o7
§,0J
< 0.6+
=
'; 0.5
& 0.4 -
» 0.3
= 0.2
0.1 1

0.0 ™|

Tech. GMO + 0.2M acid, LT

Tech. GMO + 0.1M acid, LT

Tech. GMO, LT

BO - doldecane

N
GMO

Tech. GMO

Fig. 11. Wear track widths for discs after tribotests in undoped and doped OFM solutions, obtained from WLI profiles. Interesting wear track profiles showing a wide
range of possible morphologies are presented: (from the left) BO + 0.1 M water, HT — barely noticeable wear track; Tech. GMO + 0.2 M acid, LT — extensive wear
track with the corroded border and smooth inside part; Tech. GMO, LT — well defined, narrow wear track; Tech. GMO + 0.1 M acid, LT - relatively wide wear track
with defined border. Noteworthy, part of the samples produced no detectable wear track. LT — lower test temperature (25°C), HT - higher test temperature (55°C).

by acid, a standard corrosion agent for non-stainless steels. It can be
suspected that due to the slide-to-roll ratio of 150 %, where both the ball
and the disc are moving, the ball could constantly push out the part of
the lubricant to the sides of the contact, creating locally a higher con-
centration of the acid than in the contact itself [59]. A small amount of
residual water present in tech. GMO can also promote corrosion, but
there is a lack of signs of this process in undoped tech. GMO sample
(apart from the presence of water in XPS O 1 s spectra) means that the
acid is mostly responsible. Comparing results from WLI and XPS for this
sample, however, the atomic concentration of iron and oxygen species in
the wear track and rusty area is more similar to each other than the wear
track and off-track (‘outside’ point in XPS) area. The rust deposit is much
rougher and higher than the native steel surface. Its absence in the direct
disc-ball contact area while the chemical composition is similar suggests
that the corrosion layer was formed and then removed during
sliding-rolling contact because of low adhesion of the corroded material
to the steel surface apart from the thin layer that stayed on the disc after
the contact, and this removal process led to lower traction than in other
tech. GMO-containing samples at 25°C. This is supported by the Fe3*
ratio (Fig. S3 in the Supplementary Information), which reaches 0.869.
This is the lowest value from all tested samples, especially others with

12

0.2 M AA addition and suggests that the bare steel surface was exposed
in the wear track area.

Summarising XPS and WLI, in most cases for samples tested both in
n-dodecane and Yubase-4 formulations, there is a noticeable difference
between the area of disc-ball contact and outside of it. However, the
relationship between the used lubricant, conditions of the test, wear and
chemical composition is not trivial. Generally, if there was a visible wear
track on the disc, the concentration of metallic iron in the contact
decreased for the sake of increased Fe>" and Fe>* compared to the off-
track area, and the concentration of Fe>* was higher for the samples
with clear signs of corrosion. The Fe>* ratio between the wear track and
off-track area (Fig. S3 in the Supplementary Information) shows 63 %
more Fe>" species in the wear track than off-track for GMO + 0.2 M AA
at 55°C sample and 48 % more for tech. GMO + 0.2 M AA at 25°C
sample. The biggest differences in the species content from XPS and
wear track widths were noted for tech. GMO, where the combination of
esters and some contaminants leads to such a diverse response to friction
when mixed with the base oil and polar molecules. Each component of
the oil and its concentration matters, and better control over the content
of glycerol mono-, di- and triester may further improve the friction
reduction of this OFM (which is generally better than the pure GMO).
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However, this would require modification in the synthesis process or
making the mixture from the pure esters, which would dramatically
increase the price of this additive.

Some samples, especially after tests at 25°C, could not be measured
by XPS due to magnetisation leading to the disturbance of the photo-
electron trajectories in electrostatic lenses of the used XPS system,
resulting in substantial signal loss (XPS measurements in instruments
with magnetic lenses are much less affected by sample magnetisation).
Interestingly, all samples treated with GMO in n-dodecane at 25°C and
with GMO formulations free from polar small molecule additives at 55°C
displayed magnetism, which is not observed for the doped GMO oils at
55°C. Other samples that showed this effect and could not be measured
were n-dodecane with water and tech. GMO with water. It suggests that
GMO facilitates tribomagnetisation in lubricated contacts. Mishina’s
study [60] confirms that magnetisation can occur at the early stages of
sliding and is not related to wear loss. On the other hand, Gao et al. [61]
suggest that plastic deformation and wear track width in steel are related
to the level of magnetisation. Our WLI data (Fig. 11) indicate that the
track widths remain similar for all GMO samples. In another paper, Gao
et al. [62] discuss the lubricated and non-lubricated contact, noting that
the level of the tribomagnetic effect is higher for unlubricated contact
because of the greater plastic deformation. However, no comparison
between different lubricants was made. It is possible when the contact is
lubricated by pure GMO-containing oils, more magnetite is generated, to
the level effectively preventing the XPS measurement. The samples after
tech. GMO oils (especially the highly corroded tech. GMO + 0.2 M AA at
25°C) and base oil could be measured. This may suggest that the com-
bination of higher traction (higher chance of plastic deformation) and
more hydroxyl groups (compared to tech. GMO and/or coming from
water) leads to increased magnetite content. Magnetite particles can also
be generated normally during the operation of bearings and can be
filtered [63,64], but tribomagnetisation, depending on the oil formula-
tion, requires more attention, especially considering the lubricant usage
in electric vehicles, where changes in local magnetic field may affect the
performance of the electric motor or other components.

a) GMO

no water/acid
0.2M acid
0.1M water

— fit

1 HO1HH
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3.3. Reverse Micelle Structure of OFMs in n-Dodecane

SAXS patterns for the freshly-prepared lubricants are presented in
Fig. 12. GMO forms ellipsoid reverse micelles in the base oil, as observed
previously by Armstrong et al. [44]. Adding water causes the swelling of
the ellipsoidal micelle, which is also in agreement with the previous
study. Water is a polar molecule and immiscible with dodecane, so to
reduce unfavourable contact between water and dodecane, the water is
encapsulated inside the micelle, and the system becomes a cloudy
emulsion. Ellipsoid dimensions from the SAXS fitting are summarised in
Table 5. Tech. GMO micelles are generally more elongated and have
greater R,. This suggests that di- and tri-esters with greater molecule size
also take part in the formation of micelles, even with different polar
head (here with fewer free hydroxyl groups). This remains in agreement
with Nguyen et al. [65], where the mixture of GMO and oleic acid was
studied. Slight swelling can be observed for the GMO doped with AA, but
the effect is not as pronounced as for water. Micelles of GMO and tech.
GMO with acetic acid are more elongated (when comparing the R./R,
ratio) than for water-free and water-containing formulations. A part of
acetic acid is probably placed inside the micelle, and a part acts as a
co-solvent. This can be supported by observing the behaviour of pure
GMO solutions, where undoped ones are unstable and tend to separate
from the liquid after prolonged time at room temperature while adding
AA leads to the increased solubilisation of this OFM.

Fig. 12 shows the 1D SAXS profiles for the undoped and doped OFM
solutions in n-dodecane. In the high-q region of all datasets (0.01 —
1 A1), a simple ellipsoid model was used to model the data. Due to the
low contrast between the OFM tails and the solvent, a core-shell model

Table 5
SAXS fitting results: equatorial and polar radii of the ellipsoid micelle.
Formulation R. (A) R, &)
GMO 18.049 7.361
GMO + 0.1 M water 27.140 18.689
GMO + 0.2 M AA 21.730 9.488
Tech. GMO 20.913 4.272
Tech. GMO + 0.1 M water 31.746 16.904
Tech. GMO + 0.2 M AA 28.382 3.742
- b) tech. GMO
10" ¢
# no water/acid
Q  0.2M acid
108 F A 0.1M water
— fit
108}
= 4 L
<_ 10
£
O
= 10%F
100
10-2 L
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Fig. 12. 1D SAXS profiles from the undoped (green squares), acid-doped (orange circles) and water-doped (blue triangles) OFM solutions in n-dodecane and
appropriate fits (black solid line), corresponding to the ellipsoidal form factor and the contribution of the power law in certain cases (see text). Plots are offset by a

factor of 10 for clarity.
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was not used here. For tech. GMO + 0.1 M water, the profile shows
larger structures by the upturn in intensity in the low-q (> 0.01 A™1), not
observed for GMO and undoped and acid-doped tech. GMO. The profile
of tech. GMO + 0.1 M water was fitted using a combination of a power
law to describe the low-q intensity and an ellipsoid model contributing
to the broad peak in the high-q.

Despite the studied systems constituting largely nonaqueous media,
the addition of a polar dopant, especially an acid, can lead to the pro-
tonation of the OFM. Although in nonpolar solvents such as n-dodecane,
acid molecules cannot easily dissociate and will more likely aggregate,
the used molar excess of the acid reacts with the OFM molecules.
Although esters can be protonated in the presence of acid, no signs of
such behaviour were found in pure GMO and tech. GMO doped with AA.
The profile of tech. GMO + 0.1 M water shows modulation (fitted by
power law only) likely due to a big water droplet entrapped in glycerol
di- or trioleate aggregates. However, SAXS gives general, average in-
formation of the system, so the presence of this modulation in the profile
shows a meaningful number of such aggregates rather than a single
occurrence.

3.4. Proposed mechanism of friction reduction

As a summary of the presented data on lubricated contact (MTM),
surface change (XPS, WLI) and bulk oil properties (SAXS), we propose
the following mechanism of the friction reduction in the contact lubri-
cated by the oil containing OFM and the polar small molecules.

The steel-lubricant interface promotes the adsorption of both the
OFM and the polar small molecules. However, due to the higher polarity
and smaller sizes of the latter, they adsorb first, followed by the
amphiphilic OFM molecules. In the oil phase, OFM micelles are present
and remain in equilibrium with the adsorbed layer, not excluding
complex multilayer/colloidal adsorption layers, especially in prolonged
steel-lubricant contact. Importantly, the self-assembly appears in the
system without friction. Water also adsorbs preferentially to the steel
surface, but more severely affects the equilibrium of the formulation,
leading to precipitation of pure GMO in metastable phases. However,
the OFM entraps water inside the micelle, facilitating the transfer of this
polar component to the surface. No severe effect on the traction coeffi-
cient was noticed for freshly prepared water-doped formulations, but in
such oils, phase separation will likely occur after an extended time or
immediately at higher water concentration.

The friction reduction depends on the stability and thickness of the
lubrication film. Therefore, more strongly adsorbed layers will lead to a
lower traction coefficient. Acid-containing formulations at lower tem-
peratures show extremely low traction coefficient but also severe wear
around the contact due to a chemical attack of the acid on the steel,
forming a rougher and more polar interface, further attracting the OFM
molecules and creating an area for low-friction slip planes. In tech. GMO
formulations, large molecules of glycerol di- and trioleate can form
denser slip planes, because one adsorbed molecule (one polar head) is
equivalent to two or three alkyl chains, which explains the lower trac-
tion coefficient for tech. GMO than for pure GMO, where one polar head
corresponds to only one alkyl chain. Additionally, the carbonyl group
(C=0) in esters may react under the tribocontact, chemisorbing to the
steel rather than just adsorbing physically. Friction-induced reactions in
different formulations lead to the generation of a specific oxidation
layer, where the content of magnetite can vary. This substantially affects
the magnetic properties of the whole sample to the point of preventing
the XPS measurement and can result in disruption of operation in
electric vehicles for example.

Therefore, for the effective operation of OFM, one must consider
both the structure of the polar head and nonpolar chain(s) and the
possible presence and nature of polar molecules that can be introduced
into the oil from the external and the internal lubricant environment.
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4. Conclusions

We have investigated the tribological properties of the model and
industrial organic friction modifier in a commercial and model base oil,
and for the model base oil formulations — also in the presence and
absence of small molecule polar dopants that can appear in the lubricant
during its lifetime. SAXS studies of the bulk oil were coupled with tri-
botests to better understand the structural changes in the lubricant upon
doping.

From the presented data, it can be concluded that small polar mol-
ecules can affect lubrication by changing the self-assembly and
adsorption of OFMs onto the steel surface. Both the type and concen-
tration of the small molecules are important factors in reducing friction
and must be considered together with the operating temperature and the
choice of OFM. Water tends to enter the micelles of OFMs in the oil
phase, increasing not only micellar dimensions but also enhancing the
separation of pure GMO out of the oil at room temperature. However,
contrary to the general idea that water presence disrupts the perfor-
mance of the lubricant, in this study the 5 times higher concentration of
water than the OFM almost does not affect the traction reduction of
OFM-containing oils. Acetic acid stabilizes the oils by increasing the
solubility of OFMs. The changes in traction coefficient are explained by
improved adsorption of ester molecules in the presence of acid. High
acid concentration decreases the traction coefficient of all studied for-
mulations at 25°C but severe corrosion can occur. The level of wear and
corrosion can be successfully examined by wear track morphology (from
white light interferometry) and Fe 2p3,» XPS spectra, coupled withO 1 s
spectra. Highly corroded steel discs show a large increase of Fe> and
hydroxide species in the wear track area and a constantly removed
corroded layer also reduces friction, explaining the low traction coeffi-
cient in samples showing substantial wear and corrosion. Tribomagne-
tisation in pure GMO samples was highlighted, relating the structure of
this OFM with the promoted formation of magnetite.

The observations presented here shed more light on the fundamental
structure-performance relationships of OFMs in the presence of polar
agents that can naturally appear in the lubricant during its lifetime. A
controlled polar molecule doping of OFM-containing formulations to
improve their friction-reducing properties is an attractive solution for
more sustainable lubrication.
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