
Vol.:(0123456789)

Tribology Letters (2024) 72:101 
https://doi.org/10.1007/s11249-024-01898-6

ORIGINAL PAPER

Ionic Liquids as Extreme Pressure Additives for Bearing Steel 
Applications

Mariana T. Donato1,2,3 · Pranjal Nautiyal3 · Jonas Deuermeier4 · Luís C. Branco2 · Benilde Saramago1 · 
Rogério Colaço5 · Robert W. Carpick3

Received: 6 February 2024 / Accepted: 24 July 2024 / Published online: 2 August 2024 
© The Author(s) 2024

Abstract
The protection of steel surfaces from wear under extreme pressure conditions is of major importance in several industries as 
it provides better performance and longer life of machinery. The motivation for this work was to study the lubrication of steel 
by ionic liquids (ILs), which have recently emerged as greener alternatives to commercial lubricants and additives. Three 
ILs based on sulfur-containing anions, used as 2-wt% additives in polyethylene glycol base oil (MW 200; PEG 200), were 
tested in the lubrication of ASTM 52100 bearing steel contacts in extreme pressure conditions (under mixed lubrication with 
a Hertzian pressure of 1.12 GPa) using a mini traction machine (MTM). Due to the poor resistance to corrosion of bearing 
steel, a semi-ester of succinic acid derivative corrosion inhibitor (Lanxess RC 4801) was added to the mixtures at a 1 wt% 
concentration. The ILs 1-hexyl-methylimidazolium trifluoromethanesulfonate ([C6mim][TfO]) and 1-hexyl-4-picolinium 
trifluoromethanesulfonate ([C6-4-pic][TfO]) revealed promising results in terms of surface protection of bearing steel. In 
contrast, 4-picolinium hydrogen sulfate ([4-picH][HSO4]) as 2-wt% additive to PEG 200 + 1% RC 4801 did not show any 
improvement in wear performance compared to neat PEG 200 + 1% RC 4801. PEG 200 + 2% [C6mim][TfO] + 1%RC 4801 
allowed for a decrease in wear up to ~ 76% and PEG 200 + 2% [C6-4-pic][TfO] + 1%RC 4801 up to ~ 46% when compared 
with neat PEG 200 + 1% RC 4801. Optical microscopy images suggest the formation of an adsorbed layer, which was further 
supported by chemical analysis via x-ray photoelectron spectroscopy (XPS) data for [C6mim][TfO].
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1  Introduction

Steel is widely used in bearings of vehicle parts, turbines, 
engines, and varied manufacturing equipment as it is a hard 
and resistant material [1]. Direct steel-on-steel contact that 
occurs due to a lack of efficient lubrication or harsh condi-
tions leads to energy losses and increased material dam-
age or failure, which represents a substantial challenge for 
several industries [2, 3]. Commercial lubricants are usu-
ally composed of several additives designed for protecting 
the contacting surfaces from wear. Ionic liquids (ILs) have 
emerged as potential anti-wear lubricants and/or additives 
to counteract wear under harsh conditions. ILs are organic 
salts with melting points below 100 °C, composed by cat-
ion/anion combinations that can be tuned according to the 
desired final application. They have several appealing prop-
erties, such as high chemical and thermal stability, almost 
negligible vapor pressure (thus helping render them as envi-
ronmentally friendly compounds), non-flammability, ease in 
dissolving organic, inorganic, and polymeric materials, and 
high ionic conductivity [4]. In addition, being highly polar 
compounds, in contrast to most additives used in synthetic or 
mineral oils that are non-polar, ILs are highly surface active, 
presenting a strong tendency to adsorb on metal surfaces [5]. 
One drawback of ILs is their high cost, which is why they 
have recently been used as additives at low concentrations in 
commonly used base oils instead of as base oils themselves 
[6–9].

ILs in general and protic ILs (PILs) in particular have 
been shown to exhibit substantial benefits as lubricant addi-
tives for several types of contacting materials, including 
steel [9–13]. For example, Khatri et al. [14] studied fatty 
acid-derived trioctylphosphonium cation-based PILs with 
various alkyl chain lengths as additives to polyethylene gly-
col 200 (PEG 200). The addition of PILs led to a reduction 
in friction between 28 and 41%, as well as a wear decrease 
of 15–32% in the mixed/boundary lubrication regime when 
compared to neat base oil. The improvement in tribological 
properties was attributed to phosphorous-containing tribo-
films formed on the steel surfaces. Horng et al. [15] reported 
tert-octylamine oleate and diethanolamine oleate PILs as 
additives to water, showing improved tribological perfor-
mance: friction was reduced up to 80% and wear up to 85% 
when compared to water. This was attributed to the forma-
tion of an adsorption layer on the surfaces composed of iron 
oxides. Iglesias et al. [16] studied three PILs—2-hydroxy-
ethylammonium 2-ethylhexanoate, 2-hydroxymethylammo-
nium 2-ethylhexanoate, and 2-hydroxydimethyl-ammonium 
2-ethylhexanoate—as neat lubricants and as additives to a 
mineral oil. All PILs showed reduced friction and wear up 
to 19.5% and 48%, respectively. The same group also studied 
ammonium-based PILs as 1-wt.% additives to a mineral oil 

at room temperature and 100 °C.[17] Friction was reduced 
after adding the PILs at each temperature by 29% and 35.5%, 
respectively, attributed to increased levels of oxygen and car-
bon in the tribolayer formed in the wear track. More recently, 
Hu et al.[18] studied the lubricating performance of two tri-
alkylammonium carboxylate PILs with different alkyl chain 
size, as additives to polyalphaolefin (PAO) at room tempera-
ture and low temperatures. At room temperature, the shorter 
alkyl chain PIL showed the best performance, while at low 
temperature (− 20 °C) both PILs revealed excellent wear 
reduction due to the formation of ordered adsorbed films, 
although their friction reduction was not evident.

The behavior of ILs in mixed/boundary lubrication condi-
tions has been discussed in several papers, with the aim of 
understanding how these compounds could react with the 
surfaces and protect them from friction and wear. Recently, 
Mangolini et al. [19] reviewed the advances in nanotribology 
of ILs, describing the lubrication mechanisms of ILs by the 
formation of adsorbed and confined layers between two solid 
surfaces. However, several questions regarding the tribologi-
cal behavior of ILs remain unanswered. For example, the 
effect of temperature is not widely reported and properties 
of ILs’ layers should be more deeply studied.

With the aim of studying the performance of lubricant 
additives under mixed sliding/rolling conditions representa-
tive of gears and bearings, three ILs, which demonstrated 
very good lubrication capacity for stainless steel/silicon and 
silicon/silicon contacts in previous studies [7, 8, 20], were 
chosen to be tested as lubricants for ASTM 52100 bear-
ing steel. The chosen ILs were 1-hexyl-methylimidazolium 
trifluoromethanesulfonate ([C6mim][TfO]), 1-hexyl-4-pi-
colinium trifluoromethanesulfonate ([C6-4-pic][TfO]), and 
4-picolinium hydrogen sulfate ([4-picH][HSO4]), used as 
2 wt% additives in base oil PEG 200.

The structures of the studied liquids are shown in Fig. 1. 
The corrosive behavior of the liquids was considered since 
ASTM 52100 steel with its low chromium level has poor 
resistance to corrosion [21]. Preliminary tests confirmed 

Fig. 1   Chemical structures of the studied ionic liquids
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that addition of corrosion inhibitors was required and so 
a semi-ester of succinic acid derivative corrosion inhibitor 
(Lanxess RC 4801) was used (see Experimental Section for 
more details).

The tribological properties were assessed, namely traction 
and wear, and the worn surfaces of both balls and disks were 
imaged optically and when possible, analyzed chemically to 
gain insight on wear mechanisms.

2 � Results and Discussion

2.1 � Corrosion Experiments

ILs can sometimes be corrosive of steel [22, 23]—especially 
if their water content is high—and indeed corrosion of the 
52,100 steel surfaces used here was observed for all of our 
fluids. A corrosion inhibitor, RC 4801, a succinic acid semi-
ester derivative (acid value: 160 mg KOH/g), was added to 
the ionic systems at 1 wt% concentration, and the corrosion 
inhibition capability was evaluated. Although PEG 200 + 2% 
[C6mim][TfO] and PEG 200 + 2% [C6-4-pic][TfO], the two 
less chemically aggressive formulations, both corroded the 
steel when no corrosion inhibitor was used, adding 1 wt% of 
corrosion inhibitor was sufficient to prevent corrosion. Opti-
cal microscopy images of the steel surfaces after contacting 
the two tested ILs with and without corrosion inhibitor are 
presented in Figure S1 in the Supporting Information.

In contrast, the addition of 1% of corrosion inhibitor did 
not prevent corrosion in the case of PEG200 + 2%[4-picH]
[HSO4], even when a higher concentration (5 wt.%) of the 
corrosion inhibitor was used. Optical microscopy images 
showing signs of corrosion for this IL are presented in Fig-
ure S2 in the Supporting Information. Considering these 
results, additional tests were carried out only with PEG 
200 + 2% [C6mim][TfO] + 1%RC 4801 and PEG 200 + 2% 
[C6-4-pic][TfO] + 1%RC 4801.

2.2 � Traction Coefficient Measurements

The viscosities of PEG 200 + 1% RC 4801, PEG200 + 2% 
[C6-4-pic][TfO] + 1% RC 4801, and PEG200 + 2% [C6mim]
[TfO] + 1% RC 4801 were measured as a function of tem-
perature from 25 to 60 °C, prior to the tribological tests. The 
results are presented in Figure S3 (Supporting Information), 
which shows that the three mixtures have similar, low vis-
cosities over the entire temperature range.

Stribeck curves (traction coefficient vs. entrainment 
speed) obtained for the mixtures of ILs + PEG 200 at 60 ° 
from 2000 to 7 mm·s−1 entrainment speed are shown in 
Fig. 2. The measurements were performed under mixed 
sliding/rolling contact conditions through the application 

of a slide-to-roll ratio (SRR) of 50%, which is given by the 
following equation:

where uB is the ball speed, uD is the disk speed, and U is the 
entrainment speed, defined as (uB + uD)/2.

Although the differences in the Stribeck curves are 
small, at low and intermediate speeds, the mixture with 
[C6mim][TfO] exhibited a slight decrease in traction rela-
tive to the value obtained without the IL (neat PEG), while 
[C6-4-pic][TfO] exhibited a slight increase in the traction. 
The minimum film thickness, h0, was calculated according 
to elastohydrodynamic lubrication (EHL) theory using the 
Hamrock–Dowson model [24] for an entrainment speed of 
10 mm·s−1. The obtained value, 2.25 nm, when compared 
with the composite surface roughness yields a specific film 
thickness λ of 0.45, indicating mixed lubricating conditions 
(0.06 < λ < 0.6) [25]. Calculation details are at the end of 
the Supporting Information. It is interesting to note that, 
at high speed, the traction coefficient becomes independ-
ent of the additive composition and has similar values for 
the three liquids. Since in EHL the film thickness increases 
significantly with speed (h0 ∝ U0.68), this indicates that the 
traction differences seen at lower speeds should be attributed 
to adsorption of the IL’s on the steel surfaces.

In order to assess wear performance of the ILs under 
aggressive mixed lubricating conditions, subsequent tests 
were performed at the speed of 10 mm·s−1 under the same 
conditions (50 N, 1.12 GPa Hertz contact pressure, 60 °C, 
λ = 0.45).

(1)SRR =
uD − uB

U
,

Fig. 2   Stribeck curves obtained at 50 N and 60  °C with 50% SRR, 
from 2000 to 7  mm·s−1 entrainment speed, for PEG 200 + 1% RC 
4801, PEG 200 + 2% [C6-4-pic][TfO] + 1% RC 4801, and PEG 
200 + 2% [C6mim][TfO] + 1% RC 4801. These results were obtained 
at least in duplicate
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Traction measurements were obtained in four hour tests in 
the mixed lubrication regime, each with new, washed 52,100 
ball/disk pairs as described in the Methods section. The 
results are presented in Fig. 3, where a slight improvement 
(up to 12%) of the traction coefficient for PEG 200 + 2% 
[C6mim][TfO] + 1%RC 4801 when compared to neat PEG 
200 + 1%RC 4801 is seen, consistent with the Stribeck 
curves in Fig. 2.

2.3 � Surface Characterization

After the MTM experiments, all of the ball and disk surfaces 
were imaged by white light interferometry (WLI) and the 
wear profiles were obtained. From this, the wear volumes 

were obtained for the balls and disks and are shown in Fig. 4. 
These values were calculated based on the mean of at least 
four cross-sectional profiles for each sample.

For the steel balls, PEG 200 + 2% [C6-4-pic]
[TfO] + 1%RC 4801 led to a reduction in the volume 
to ~ 46% of the value for neat PEG 200 + 1%RC 4801, while 
the reduction for PEG 200 + 2% [C6mim][TfO] + 1%RC 
4801 was ~ 76%. For the disks, the addition of [C6-4-pic]
[TfO] reduced the wear volume to ~ 89% of the value for 
neat PEG 200 + 1%RC 4801, while [C6mim][TfO] reduced 
the wear volume to ~ 65%. Thus, [C6mim][TfO] showed the 
best tribological performance overall, with lower traction 
coefficient, as well as lower ball and disk wear.

Fig. 3   Traction coefficient 
vs. time for 52,100 steel/steel 
tribopairs at an entrainment 
speed of 10 mm·s−1 and under 
the load of 50 N for the studied 
liquids (1.12 GPa Hertz contact 
pressure, 50% SRR, 60 °C, 
λ = 0.45)

Fig. 4   Average wear volumes obtained for steel balls (left image) and disks (right image) after long tribological tests (4 h) at an entrainment 
speed of 10 mm·s−1 and under the load of 50 N. The errors are ± standard deviation (n ≥ 4)
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In Fig. 5, the WLI images and wear profiles of the balls 
and disks are shown, respectively. The mixtures containing 
ILs led to narrower and less deep wear profiles on both ball 
and disk comparing to neat PEG 200 + 1%RC 4801, espe-
cially the one containing [C6mim][TfO]. In all cases, the 
images suggest the existence of both abrasive and adhesive 
wear. Analyzing Fig. 6, it is possible to observe that the 
abrasive component decreases from PEG 200 to [C6mim]
[TfO], with less deep wear grooves, indicating an increased 
surface protection.

The wear tracks on the disks were also analyzed by opti-
cal microscopy to check for indications of tribofilm for-
mation or other changes to the interface (see Fig. 7). The 
mechanisms of tribofilm formation by ionic liquids on steel 
surfaces have been discussed by several authors [26–29]. 
According to those authors, high oxygen content in tribo-
films was observed and attributed to substantial oxidation 
during the tribological tests. The tribofilms were assumed 
to form through the reaction of oxygen from phosphate 
groups in the ILs with the iron surface and/or iron wear 

debris, suggested by the metallic Fe peaks observed in XPS. 
However, other authors recently reported that no chemical 
reaction occurred between phosphonium-based ILs and the 
steel surface during nanotribological experiments carried 
out by Li et al. [30], who conducted nanoscale single asper-
ity studies using atomic force microscopy (AFM) of sliding 
in a pure IL, [P6,6,6,14][DEHP], on steel. Taking advantage 
of the in situ capability of the AFM, they verified that fric-
tion reduction only occurred after the tip removes the steel’s 
native oxide layer. After that, chemical imaging produced no 
evidence for the stress-assisted, thermally activated chemical 
formation of a tribofilm. Instead, the removal of the native 
oxide layer of the steel led to an increase in surface rough-
ness, adsorption of the IL on the metallic Fe, and formation 
of a densely packed adsorbed IL layer that reduced friction 
and wear.

In our tests, no evidence of tribofilm formation is detected 
for PEG 200 + 1%RC 4801. However, a bluish color can be 
observed on the wear tracks for the tests carried out with 
both ILs added to PEG 200 + 1%RC 4801. This may suggest 

Fig. 5   Wear profiles of the steel balls (WLI images with 20 × mag-
nification) after long tribological tests (4 h) at an entrainment speed 
of 10  mm·s−1, under the load of 50 N using as lubricants: (A) 

PEG200 + 1%RC 4801, (B) PEG 200 + 2%[C6-4-pic][TfO] + 1%RC 
4801, and (C) PEG 200 + 2% [C6mim][TfO] + 1%RC 4801. Z scale is 
1000 × magnified compared to lateral scale
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the presence of a tribofilm, as reported by other authors who 
investigated the formation of zinc dialkyldithiophosphate 
(ZDDP) tribofilms [31–33] or could be due to an adsorbed 
film comprised of ILs, as suggested in [30]. It is also pos-
sible that the bluish color might be due to the different thick-
ness and optical properties of the surface oxide layer which 
may have been modified by the sliding process.

In order to investigate this, XPS analysis of the neat ILs, 
as well as the inside of the wear tracks, was performed. 
The spectra were compared for N 1 s and S 2p species (see 
Figure S4). The N 1 s is a single peak at ca. 402 eV for the 
neat ILs, but for the wear tracks, the main peak is shifted 
to 400 eV. This can be due to tribochemical reactions 
between the ILs and Fe from the steel surface, leading to 
the formation of Fe–N bonds, as reported by other authors 
[34]. However, we cannot exclude the possibility of the 
shift deriving from the presence of adsorbed contaminants 

and degradation products of the ILs. Regarding the width 
of the peak, the binding energy range includes the value 
representative of the ILs, but its width suggests the pres-
ence of more species, such as nitrogen-containing organic 
compounds [35]. Regarding S 2p, there is no detectible S 
for [C6-4-pic][TfO], but the inside of the wear track for 
[C6mim][TfO] shows a peak at ca. 169 eV, which is in 
agreement with the presence of FeSO4 and Fe2(SO4)3 spe-
cies [36], probably derived from tribochemical reactions, 
which suggests the formation of a tribofilm.

The relative atomic percentages of the primary elements 
found inside the wear tracks are presented in Table 1. Fe, 
C, and O are originally present on the bearing steel disks. 
Inside the wear tracks on the disks lubricated with both 
IL additives, both N and S signals are detected, suggest-
ing that the two cations and the anion take an active part 
on the film formation, as proposed by other authors [26]. 

Fig. 6   Wear profiles of the steel disks (WLI images with 20× mag-
nification) after long tribological tests (4 h) at an entrainment speed 
of 10  mm·s−1, under the load of 50 N using as lubricants: (A) 

PEG200 + 1%RC 4801, (B) PEG 200 + 2% [C6-4-pic][TfO] + 1%RC 
4801, and (C) PEG 200 + 2% [C6mim][TfO] + 1%RC 4801. Z scale is 
1000 × magnified compared to lateral scale
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Although small, the atomic percentages from the N 1 s and 
S 2p peaks are higher for the better performing mixture, 
PEG 200 + 2% [C6mim][TfO] + 1% RC 4801, indicating 
that this IL has a greater tendency to adsorb to the steel 
surface, as previously reported by other authors [37].

The higher strength of the N 1 s peak compared to that 
of S 2p suggests that the IL interacts preferentially with 
the steel surface through the N-containing cation, although 
the S-containing anion participates in the adsorption as 
well. The formation of the adsorbed film helps in the pro-
tection of the steel surfaces, leading to a decrease in fric-
tion and wear.

Regarding Fe 2p signals, no definite evidence of Fe–N 
and Fe–S bonds exists, making tribofilm formation less 
likely. The appearance of nitrogen and sulfur emissions, in 
particular for the sample using [C6mim][TfO] are in agree-
ment with the presence of an IL adsorbed layer, which 
partially covers the underlying iron oxide. To more deeply 
understand the chemical species formed, deconvolution of 
Fe, C, and O peaks, inside and outside the wear tracks, was 

performed and is shown in Fig. 8 and Figure S5, respec-
tively, for [C6mim][TfO] and for PEG 200 and [C6-4-pic]
[TfO].

The deconvolution of Fe 2p used the guidelines and peak 
shapes of Biesinger et al., considering metallic Fe, FeO, 
Fe2O3, and FeOOH as possible chemical states [38]. Since 
Fe2O3 and FeOOH both have Fe3+, their respective atomic 
percentages are summed up to represent the total amount of 
Fe3+ (Table S1, Supporting Information). Comparing the 
outside of the wear tracks for each of the disks from the three 
experiments, different amounts of iron oxidation states are 
found. This is attributed to local variations of the corrosion 
on the iron surfaces. For this reason, absolute values are 
not considered, but rather, changes that occur to the mix of 
oxidation states due to wear (i.e., the values given are the 
% change inside each wear track relative to outside for each 
sample). These changes are presented in Table 2.

The iron oxidation states remain practically the same after 
wear in case of PEG200 + 1% RC 4801 (within 2%). Using 
PEG200 + 2% [C6-4-pic][TfO] + 1%RC 4801, a noticeable 
partial reduction of Fe3+ to Fe2+ can be observed, without 

Fig. 7   Optical microscopy 
images (10× magnifica-
tion) of the wear tracks after 
the tribological tests for (A) 
PEG 200 + 1%RC 4801, (B) 
PEG 200 + 2% [C6-4-pic]
[TfO] + 1%RC 4801, and 
(C) PEG 200 + 2% [C6mim]
[TfO] + 1%RC 4801

Table 1   Relative surface atomic 
concentrations inside the wear 
tracks

Lubricant Relative atomic percentages

Fe 2p O 1s C 1s N 1s S 2p

PEG200 + 1% RC 4801 7.78 33.32 58.90 - -
PEG200 + 2% [C6-4-pic][TfO] + 1%RC 4801 1.63 27.64 70.39 0.25 0.09
PEG200 + 2% [C6mim][TfO] + 1%RC 4801 3.41 29.87 65.60 0.97 0.14
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the formation of metallic Fe. With PEG200 + 2% [C6mim]
[TfO] + 1%RC 4801, even more Fe3+ is reduced to Fe2+ and 
metallic Fe is also formed.

Correlating these observations with the performance of 
the lubricants, it appears that better lubrication is achieved 
in cases where stronger reduction of the disk surface occurs. 
A potential explanation may lie within the mechanical prop-
erties of the involved materials: FeO has lower hardness 
and is more ductile than Fe2O3 and thus increases surface 

protection against friction and wear.[39] The presence of 
[C6mim][TfO] in the lubricant mixture, which causes the 
highest iron oxide (and hydroxide) reduction, increases the 
amount of Fe2O3 on the surface, leading to the best tribo-
logical behavior.

Outside the wear track, IL [C6mim][TfO] establishes 
hydrogen bonding interactions with the steel surface, since 
the methylimidazolium cation has an acidic proton (located 
in the H2 of the imidazole ring). In addition to that, inside 

Fig. 8   XPS spectra for inside (left spectra) and outside (right spectra) the wear tracks for PEG 200 + 2% [C6mim][TfO] + 1%RC4801
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the wear track, a reduction of iron is observed (from Fe3+ 
to Fe2+) because of the presence of this IL in the system. 
The reduction of metals in the presence of imidazolium and 
pyridinium-based ILs has been previously reported in the 
literature [40] and may be responsible for the improved tri-
bological performance.

It is important to stress that the lubrication capacity of 
ILs may derive from two processes: (i) chemical alteration 
of the surface leading to tribofilm formation, (ii) adsorption 
of the IL to form an interfacial lubricious layer. The opti-
cal microscopy images suggest the formation of a tribofilm, 
but we cannot rule out the possibility of the existence of 
an ordered absorbed layer combined with oxidation of the 
substrate. Indeed, the possibility of establishing H bonds 
between [C6mim][TfO] and the steel surface, due to the 
existence of an acidic proton, indicates the stronger ability 
of this IL to adsorb to the surface. Thus, the formation of a 
lubricating film by the ILs is evident, but we are not able to 
identify unambiguously the nature of this film. Furthermore, 
we must stress that at high pressures and temperatures the 
lubrication mechanisms are complex and further studies are 
needed to understand the friction and wear mechanisms.

3 � Conclusion

The tribological performance of two ILs was studied for 
52,100 steel contacts. It is well known that ILs are corrosive 
of steel, so a succinic acid derivative corrosion inhibitor 
was added to prevent corrosion. Two ILs—[C6mim][TfO] 
and [C6-4-pic][TfO]—were tested with 1 wt.% corrosion 
inhibitor as anti-wear additives in base oil PEG 200 and 
revealed interesting lubricating properties. PEG 200 + 2% 
[C6mim][TfO] + 1% RC4801 reduced friction by 12% and 
more substantially, reduced wear up to ~ 76%, thus acting 
as an anti-wear additive. On the other hand, PEG 200 + 2% 
[C6-4-pic][TfO] + 1% RC4801 led to slightly increased fric-
tion, but still reduced wear up to ~ 46% when comparing 
to neat PEG 200 + 1% RC4801 and thus also acted as an 
anti-wear additive. XPS analysis allowed to conclude that 

[C6mim][TfO] has a higher tendency to form an adsorbed 
film, which may be what reduced the amount of wear for the 
underlying steel surface.

The results obtained with the two ILs open opportuni-
ties to explore these environmentally friendly compounds as 
potential lubricants for steel tribological components. These 
ILs were able to reduce wear of the steel surfaces under 
extreme pressure conditions (1.12 GPa) as long as some 
antioxidant was added. This is of substantial importance for 
several industries due to lowering the costs in replacing steel 
parts.

4 � Experimental Section

4.1 �  Materials

All reagents for the synthesis of ILs were purchased and 
used without additional purification. The list of reagents is 
as the following: 4-methylpyridine 98% from Alfa Aesar 
(Tewksbury, MA, USA), methylimidazole 99% from Alfa 
Aesar (Tewksbury, MA, USA), and sulfuric acid 95–97% 
from Merck (Rahway, NJ, USA).

The solvents were acetonitrile 99.8% from Merck (Darm-
stadt, Germany) and deuterated water 99.9% from Eurisotop 
(Gif sur Yvette, France). Polyethylene glycol (MW 200)—
PEG200 was from Sigma-Aldrich (Rahway, NJ, USA), with 
water content < 0.5%. Corrosion inhibitor Additin® RC 4801 
was from Lanxess (Pittsburgh, PA, USA). Distilled and 
deionized water (DD) was obtained with a Millipore system.

4.2 �  Synthesis

The syntheses of ILs [C6mim][TfO], [C6-4-pic][TfO], and 
[4-picH][HSO4] were described in previous works [7, 20].

4.3 �  Methods

Corrosion tests were performed by deposition of two or three 
droplets of the ILs, with and without corrosion inhibitor RC 
4801, on steel disks for 48 h. Afterward, the steel samples 
were carefully washed with toluene and isopropanol, each 
for 10 min, in an ultrasound bath.

The viscosity of the liquids (PEG + corrosion inhibitor 
and ILs as 2 wt% in PEG + corrosion inhibitor) was meas-
ured using a rheometer MCR 92 (Anton Paar, Graz, Aus-
tria). The results are average values obtained from three 
measurements.

The water content of the ILs as 2  wt% in PEG was 
checked by Karl–Fischer coulometric titration (Metrohom, 

Table 2   Changes to Fe0, Fe2+, and Fe3+ oxidation states inside the 
wear tracks for the three mixtures

Lubricant Changes to iron oxida-
tion states (%)

Fe0 Fe2+ Fe3+

PEG200 + 1% RC 4801 + 0.29 −2.02 + 1.71
PEG200 + 2% [C6-4-pic][TfO] + 1%RC 

4801
+ 0.25 + 19.87 −20.13

PEG200 + 2% [C6mim][TfO] + 1%RC 
4801

+ 4.88 + 24.17 −29.05
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Switzerland). All the studied solutions were saturated in 
terms of water content, around 2 wt%.

The tribological tests were conducted in an MTM (PCS 
Instruments, London, UK) that was used to measure trac-
tion coefficients under specified conditions. The MTM 
is a ball-on-disk tribometer presented in Figure S6 (Sup-
porting Information), in which the rotation of the ball is 
independent to the rotation of the disk, enabling access to 
a range of slide-to-roll ratios (SRR). Space Layer Imag-
ing (SLIM) was carried out during the tribological tests, 
but the films were so thin that SLIM could not detect the 
thickness. 52,100 steel highly polished balls (19.05 mm 
diameter, RMS = 0.5 ± 0.2 nm) and disks (46 mm diameter, 
RMS = 0.5 ± 0.2 nm) from PCS Instruments (London, UK) 
were used for the tribological tests. The balls and disks were 
AISI/ASTM 52100 bearing steel which is a high carbon and 
manganese (C, Mn 0.95–1.1%) steel alloy, containing low 
levels of silicon and chromium (Si, Cr ≤ 0.35%).

Stribeck curve measurements were performed at 60 °C, 
over a wide range of speeds (from 2000 to 7 mm·s−1 entrain-
ment speed), SRR of 50% and an applied load of 50 N, yield-
ing a Hertzian maximum contact pressure of 1.12 GPa. All 
other MTM measurements were carried out at an entrain-
ment speed of 10 mm·s−1. Prior to testing, the specimen 
(balls and disks) and the removable MTM components 
were cleaned by sonication for 10 min in each of toluene 
and 2-propanol. All parts were wiped with a Kimwipe after 
the cleaning process, and residual fibers were removed by 
blowing with compressed nitrogen gas. The MTM pot was 
rinsed in toluene followed by 2-propanol and dried by blow-
ing with compressed nitrogen gas. This rinsing and drying 
procedure was performed three times or until the lubricants 
were removed completely.

After the tribological tests, the tracks were imaged 
with white light interferometry using a Zygo NewView 
6300 Interferometer with a 20 × objective and 0.5 × inter-
nal multiplier, yielding a magnification level of 10 × and a 
530 µm × 700 µm field of view. The images were analyzed 
using software program Gwyddion [41]. The MTM balls 
were imaged with a vertical scan range of 150 µm and the 
images were leveled through a spherical subtraction in 
Gwyddion.

A BX51 Optical Microscope (Olympus, Florida, USA) 
was used to assess the tribofilm formation on the wear tracks 
after the tribological tests. The images were analyzed using 
ImageJ software [42].

The elemental composition of the wear tracks on the 
52,100 steel disks was studied by X-ray photoelectron spec-
troscopy (XPS), using an Axis Supra spectrometer (Kratos 
Analytical Ltd., Manchester, UK). A monochromatic Al Kα 
source was run at 150 W. The detailed spectra were acquired 
at a pass energy of 160 eV through an aperture of 110 μm. 
Data analysis was done with CasaXPS. Atomic percentages 

were calculated assuming a homogenous distribution of ele-
ments, using the Kratos relative sensitivity factors. Due to 
the appearance of differential charging in some for the sam-
ples, all binding energies were corrected to C 1 s at 284.8 eV.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11249-​024-​01898-6.
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