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Abstract: Owing to their low cost and environmentally friendly nature, water-based lubricants
have benefits over oil-based ones. However, the appropriate additive package is indispensable
in improving its tribological properties. In the current study, we have investigated the friction
and wear reduction ability of bis(2-hydroxyethyl) ammonium oleate protic ionic liquid (PIL) in a
glycerol aqueous lubricating fluid. The tribo-tests were performed using a ruby—steel friction pair
acting in reciprocation mode. The coefficient of friction and wear were the main characteristics
of the evaluation. Analysis of the physical properties of the investigated lubricating samples and
worn surface analysis were performed to reveal a more detailed picture. The study shows that
the investigated PIL can significantly reduce friction and wear. The most suitable concentration of
PIL was 0.5%, where friction and wear were reduced 2.6 and 15.8 times, respectively. Using the
investigated PIL facilitates a sliding coefficient of friction as low as 0.039. It was hypothesized that
the formation of the adsorption layer and metal soap was responsible for this. Further studies could
be directed toward higher load and speed applications.
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1. Introduction

Recently, the world’s community has been affected by energy cost fluctuations. There-
fore, at present, energy-saving technologies are of great interest, more so than ever. Many
studies have confirmed that solving tribological problems can reduce energy loss and
contribute to the solution of environmental issues [1,2]. Moreover, it will result in improved
performance and extended mechanical system service life, reducing downtime due to re-
placing worn parts. Lubrication is crucial to minimize friction and, consequently, the energy
required. The liquid lubrication provides friction and wear reduction, eliminates corrosion,
provides the cooling of interacting surfaces, and offers many more benefits, depending
on the application. Moreover, in the specific cases of lubrication, ultra-low-friction and
superlubricity were achieved at micro and macro scales [3-5].

Generally, lubricants can be divided into oil-based and water-based. Oil-based lu-
bricants are the most common. However, most of them have ecological issues regarding
the environment. Due to their low cost, nontoxicity, and prevalence, water-based lubri-
cants have been found in widespread industrial applications. To enhance the viscosity of
water-based lubricating fluids, they are diluted with higher-viscosity substances such as
glycerol, polyethylene glycol, and vegetable oil [6]. Additives must also be introduced to
improve corrosion prevention, friction and wear reduction, foaming control, and many
other properties [7]. Undoubtedly, these additives must be water-soluble. Moreover, to
ensure environmental acceptability, the additives must be environmentally friendly [8].

Recently, protic ionic liquids (PILs) have become attractive due to their environmen-
tally friendly nature and promising tribological response [9-11]. Most of the studied PILs
are halogen-free and contain only oxygen, carbon, and nitrogen elements [12]. In some
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cases, phosphorus and borate are presented in the cation. Fatty acids, such as stearic and
oleic, are used in synthesizing PILs, which are the renewable counterpart. Current studies
of PIL-loaded water-based lubricating fluids show improved lubricity and wettability.
Moreover, metal corrosion was also reduced [13,14].

The tribological studies performed confirm the ability to form physically adsorbed
layers and/or tribochemical reactions with the surface. Yang et al. [15] explored amino acid-
based PILs as additives in aqueous lubricants. A remarkable reduction in friction and wear
was reported. Zheng et al. [13] also obtained similar positive results by using ammonium-
based PILs as additives in an aqueous glycol solution. In both cases, the polarity of ionic
liquid molecules was responsible for a positive response. Bjorling et al. [5,9] investigated
a [Choline] [Proline] protic ionic liquid as a neat lubricant and an additive in an aqueous
glycerol solution. It was found that the investigated PIL possessed a low pressure—viscosity
coefficient, which was responsible for its excellent tribological performance. Moreover, it
showed superlubricity when it was used as an additive. Espinosa et al. [11] also reported
ultra-low friction using a PIL as an additive in water to lubricate a sapphire—stainless
steel friction pair in continuous sliding mode. The adsorption layer and formation of
metal-ammonium complexes were noted to be responsible for this.

As water-based lubricants become more attractive, systematic studies are particularly
important [6]. Moreover, most of the performed studies focus on the lubrication of metallic
friction pairs [5,13,15-20] and only a few deal with the lubrication of ceramics [10,11,21-24],
which are increasingly attractive for high-performance applications in severe environments.
In the current study, we aim to investigate the friction and wear reduction behavior of a
bis(2-hydroxyethyl) ammonium oleate protic ionic liquid in a glycerol aqueous lubricating
fluid. The ruby-bearing steel friction pair acting in reciprocation mode was employed.

2. Materials and Methods
2.1. Materials

An aqueous glycerol solution (W:GL) was used as a base lubricating fluid. It was
prepared by mixing deionized waster and glycerol (1:1 by wt.). The analytically pure
anhydrous glycerol was obtained from Sigma-Aldrich. Bis(2-hydroxyethyl)ammonium
oleate protic ionic liquid (PIL) was synthesized following the methodology explained in
previous papers [25,26]. Briefly, the synthesis procedure can be described as follows: oleic
acid was dropwise introduced into preheated diethanol amine under continuous mixing.
The neutralization reaction occurred, resulting in the amine salt, a viscous yellow liquid.
The mixture was stirred for 24 h, keeping the same conditions to complete the reaction. The
main physicochemical properties, chemical structure, and appearance of the synthesized
PIL are presented in Table 1.

Five concentrations of PIL in the base lubricating fluid, namely 0.1, 0.25, 0.5, 1, and
1.5 wt.%, were prepared and studied. A magnetic stirrer operating at 200 rpm at room
temperature was employed to prepare lubricating samples. The visual appearance of the
investigated lubricating samples is shown in Figure 1. The PIL was soluble for all the investi-
gated concentrations. With the increased PIL concentration, the solution became yellowish.

W:GL W:GL+PILO.1 W:GL+PIL0.25 W:GL+PILO.5 W:GL+PIL1 W:GL+PIL1.5

f = ( . = =" E

Figure 1. The appearance of the investigated lubricating fluids.



Lubricants 2023, 11, 34

30f11

Table 1. Physicochemical properties, structural formula, and visual appearance of investigated PIL.

Investigated PIL Bis(2-hydroxyethyl)ammonium Oleate
o
M o
OH
Structural formula
HO
\/\ﬁ/\/ OH
H

Density [g/cm?®] @ 23 °C 0.894
Kinematic viscosity [mm?2/s] @ 100 °C 41.80

Visual appearance

2.2. Physicochemical Properties

The kinematic viscosity and density of the investigated lubricating fluids were tested
using an SVM 3000 Anton Paar viscometer (Anton Paar, Graz, Austria). Four repetitions
were made for each specimen.

2.3. Tribological Properties

A ball-on-plate reciprocating tribometer was employed to evaluate the lubricity of
the investigated samples. During the tribo-test, a ruby ball (¢ 6 mm) was rubbed against
a steel E-52100 plate (¢ 10, thickness—3 mm). The ball had a hardness of 1570-2170
(according to technical specifications). The plate surface had a hardness of 190-200 HV30
and a roughness of 20 nm. The main tribo-test conditions were as follows: reciprocation
frequency—15 Hz; load—4 N; stroke length—1000 pm; test temperature—25 °C. Moreover,
2 mL of sample was introduced in the friction zone to submerge the friction pair fully.
Before the experiments, all the parts in contact with the investigated sample were washed
in an ultrasonic bath in toluene and acetone. The tribo-test duration was 30 and 120 min.
Tribo-tests were repeated at least two times. The coefficient of friction (COF) variation
during the tribo-test was continuously recorded with a frequency of 2 Hz. The mean COF
was calculated using the data from the last 10 min of the tribo-test.

2.4. Analysis of the Worn Surfaces

After the tribo-test, the ball and plate surfaces were observed using a Nikon ECLIPSE
MA 100 optical microscope (OM) (Nikon, Tokyo, Japan) and a Hitachi 3400 N scanning
electron microscope (SEM) (Hitachi, Tokyo, Japan). Bruker Quad 5040 energy dispersive
spectroscopy (EDS) analysis (Bruker, Berlin, Germany) was employed to inspect the wear
scar composition. Before the inspection, the specimens were rigorously cleaned in ethanol.
After the tribo-test, the cross-section profile of the wear scars was measured using a Mahr
GD-25 stylus profilometer (Mahr GmbH, Géttingen, Germany). The wear volume was
calculated following the procedure described in ASTM G133. Briefly, the area of the cross-
section profile was calculated in a few locations along the wear scar. Then, the average area
of the cross-sections was multiplied by the length of the wear scar, and the wear volume
was obtained.
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3. Results and Discussion
3.1. Physicochemical Properties

The relationship between the lubricants’ viscosity and the PIL concentration at 25 °C
is presented in Figure 2. The addition of the viscous PIL increased the lubricants” viscosity,
which followed a linear trend in the investigated concentration interval. The linear trend
also showed the good solubility of the PIL in a base fluid. Due to the good tribological
response, which will be discussed in further sections, samples having 0.5% PIL were
examined in more detail. Their viscosity and density were measured at the temperature
range from 20 to 70 °C (Figure 3). The viscosity and density decreased with the increased
test temperature, following exponential and linear trends. It must be noted that the
temperature significantly influences the viscosity rather than the concentration. During
the tribo-test, the local temperature in the contact area was expected to rise; therefore, the
viscosity decreased, leading to a lower energy loss.

6.0

w
wn

Kinematic viscosity, mm/s?

4.0
0 0.5 1 1.5

Amount of PIL in base fluid. %

Figure 2. Kinematic viscosity (blue dots) and its trendline at 25 °C as a function of additive concentration.
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Figure 3. Kinematic viscosity and density of lubricating fluid W:GL + PIL 0.5 as a function
of temperature.

3.2. Friction Evaluation

The COF defines a lubricant’s ability to reduce the energy losses arising between con-
tacting surfaces during their relative motion. Therefore, low-COF lubricants will minimize
energy loss and frictional heat. In the present case, the PIL additive significantly reduced
the COF, reaching mean values as low as 0.05. Friction variations observed during the
tests and mean values calculated from the last 10 min of the tribo-test are presented in
Figures 4 and 5, respectively.
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Figure 4. Variations of the COF as a function of test time observed during the tribo-tests.
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Figure 5. The mean COF as a function of the amount of PIL.

The additive-free water—glycerol solution demonstrated high and unstable friction.
Introducing the PIL additive reduced and stabilized the friction. The COF gradually
decreased when the amount of the PIL additive increased; however, a particular additive
concentration is essential for optimum results (Figure 5). The lowest COF was observed
at the additive concentration of 0.5%. A low and high COF was observed during the
repetitions of the lubrication sample having 1% of PIL. Therefore, the mean COF at this
point had high variation (Figure 5). Considering that further increases in the amount of PIL
resulted in more strongly increased friction, we assumed that there was a threshold for the
optimum PIL concentration. Analyzing the COF variation during the test (Figure 4), it was
observed that additive-loaded samples had similar initial COF patterns. At the onset of the
tribo-test, COFs rose, indicating the running-in conditions. After a few minutes, the COFs
stabilize. The 0.1% concentration was insufficient to keep surfaces separated, resulting in
the increased COF. Applying 0.25% led to a relatively stable COF thought the test time.
The concentrations of 0.5 and 1% resulted in stable friction, which, after 15 min of the test,
decreased, reaching COF values as low as 0.035. With the increased concentration up to
1.5%, the friction reduction process was interrupted, and the COF, after 15 min, became
unstable. Although the COF at some concentrations was higher, it was still lower than that
observed during lubrication with the additive-free base fluid. The most significant COF
reduction of 61.5% was observed during lubrication with 0.5% PIL-loaded base fluid.

The behavior of the COF when surfaces were lubricated with the base fluid having
0.5% of PIL was particularly interesting. Therefore, we extended the experiment to 2 h. The
COF variations observed during the repetitions of this experiment are shown in Figure 6.
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Figure 6. Variations of the COF as a function of test time were observed during the extended
tribo-tests when lubricating with PIL-loaded (0.5%) base fluid.

It was found that the COFs were not stable throughout the test time. A similar 15 to
20 min running-in period was observed in all test repetitions except Test 5, which took
45 min to stabilize. At the stable low-friction periods, the COF had a mean value of 0.039.
Unfortunately, the low-friction periods were interrupted, and the COFs reached higher
values (0.078). Although the COF in these periods increased, its values did not exceed
that observed at the onset of the tests. After some time, the friction decreased, and the
low-friction period followed. The decreased COF, reaching the same low-friction value,
means that the interruption was not caused by the evaporation of water or wear. Instead,
it was related to physicochemical processes during surface interaction. The reason for
such behavior could be found by analyzing the tribo-film formation/removal process, as
described in the next section.

3.3. Wear Evaluation

The observed wear as a function of the PIL concentration is presented in Figure 7. The
wear was significantly reduced and followed the friction tendency in all the investigated
PIL concentrations except 0.1%. The minimum wear was observed after lubrication with
0.5% PIL-loaded base fluid. At this point, the wear volume was 15.8 times lower than that
observed in the case of the additive-free sample. A further increase in the amount of PIL
resulted in higher wear.

The cross-section profiles of wear scars on the plate are presented in Figure 8. The
introduction of the PIL resulted in pushed-out metal at the boundaries of the wear scar.
The material at the edges was particularly evident in the cases of 0.1 and 1.5%, which
underwent higher wear. The low-wear-possessing surfaces were smoother, reflected by
lower friction.
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Figure 7. The mean wear volume as a function of PIL concentration.
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Figure 8. Cross-section profiles of wear scars on the plate observed after the tribo-test of investigated
lubricating fluids.

The fragments of wear scars observed on the plate are shown in Figure 9. All the worn
surfaces had specific features corresponding to a particular friction response. The many
pits on the additive-free base-fluid-lubricated surface possibly occurred due to adhesion.
Together with abrasion, it resulted in high and unstable friction (Figure 4). Applying the
smallest amount (0.1%) of additive almost eliminated the adhesion; however, many furrows
occurred in the central part of the wear scar. These are also evident in the cross-section
profiles (Figure 8). A further increase in the concentration up to 0.25% resulted in a smooth
wear scar surface. At a concentration of 0.5%, the worn surface was also smooth, having
a patchy appearance. There was almost no pushed-out material at the boundaries of the
wear scar. The higher concentrations of 1 and 1.5% increased the width of the wear scars.
The pushed-out material appeared at the edges of the wear scars. A few deep furrows
occurred on the surface lubricated with 1.5% PIL (Figure 8). These could result from wear
debris embedded in the tribo-film and moving with the ball. It must be noted that the wear
of the ruby ball in all the performed experiments was negligible. There was only a slight
polishing observed on the balls” wear scar.

W:GL + PIL 0.1 W:GL + PIL 0.25 W:GL + PIL 0.5 W:GL +PIL 1 W:GL + PIL 1.5

100 pm

100 ym 100 ym 100 ym 100 ym

100 ym

Figure 9. OM images of the wear scars on the plate observed after lubrication with investigated samples.
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We analyzed the worn surface at different periods to identify the lubrication mecha-
nisms behind the low and higher friction. The wear scars on the plate and the ball observed
during low- and higher-friction periods are shown in Figure 10. Surface polishing was
observed on the ball in the low-friction period (Figure 10a’), whereas in the higher-friction
period, some layers were attached to the ball (Figure 10b’). Similarly, the wear scar on the
plate observed in the higher-friction period reveals a dense layer, whereas the layer seems
uneven in the low-friction period.

(@

toopm

(b)

@) AR (®)

100 ym 100 pm

Figure 10. OM images observed on the plate and the ball at the low (a,a”) and higher (b,b’) friction
periods of the test when 0.5% PIL concentration was used.

The SEM images of both wear scars on the plate, and their composition, confirm the
presence of a tribo-film (Figure 11). Worn surfaces contain higher amounts of C, O, and
N than entire plate surfaces. Comparing these two cases, the tribo-film containing more
oxygen and nitrogen was observed in the higher-COF period. The layer was present in both
cases. However, in the case of the higher COF, it was thicker and more evenly distributed
on the worn surface. It also easily distinguished pushed-out material at the edges of wear
scars, which could be the residues of the tribo-film. It must be noted that a small amount of
N was observed outside the wear scars, confirming the presence of an adsorbed layer.

The following friction reduction mechanism is proposed considering the obtained
results. Initially, the ionic liquid molecules adsorb on the submerged surfaces (Figure 12a).
It was confirmed by EDS analysis that the adsorption of PIL molecules occurs even on the
intact surface. The rubbing process initiates a tribo-reaction between the metal and PIL.
The adsorbed oleic acid anion most likely reacts with the metal surface, forming a metal
soap layer on the plate (Figure 12b) [27,28]. This layer separates interacting surfaces and
prevents their direct contact. As a result, friction and wear reduction are achieved.

Further, the layer grows and becomes thicker while shearing between its layers occurs.
At this point, part of the layer is attached to the ball surface, resulting in intense shearing
(Figure 12c). This implies that shearing within the layer requires more energy than the
sliding of the ball on the layer. As a result, the friction is increased. The explained process
could be distinguished in the extended experimental repetitions from 1 to 4, where a
sudden (duration ~ 1 min) COF rise is observed (Figure 6). Although friction is higher in
this period, the more intense wear does not occur because the layer separates interacting
surfaces. This additional energy is consumed to shear the layer. Due to shearing, the
contact temperature increases, leading to lower lubricating fluids’ viscosity (Figure 3) and
disturbing the layer formation equilibrium. Thus, after some time, the layer vanishes from
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(a)

the ball and the friction decreases. The friction slope, which takes approximately five
minutes, was observed in the COF variation curves (Figure 6). The proposed mechanism

could also explain the low- and higher-friction interchanges while retaining the same
COF values.

Element Atomic [%]

€ 1.62
O 3.09
N 2.99
Other Balance

Element  Atomic [%]

C 1.71
(6] 7.89
N 7.72
Other Balance
cr
‘ A

Figure 11. SEM images and EDS of wear scars on the plate observed in the low (a) and high (b) friction
periods. Undamaged surface composition: C—0.89%; O—0.11%; N—0.8%. Other elements refer to
Fe, Si, Cr, and Al

(b) (c) | - adsorbed molecules

[] - metal soap layer

Reciprocation
direction

| | | |

Figure 12. Proposed lubrication mechanism of PIL in aqueous glycerol solution: (a)—running-in
period; (b)—low-friction period; (c)—higher-friction period.

4. Conclusions

The investigated bis(2-hydroxyethyl) ammonium oleate PIL demonstrated a good
tribological response when it was used as an additive in an aqueous glycerol solution to
lubricate a ruby-bearing steel friction pair. In light of the observed results, the following
conclusions could be drawn:

e  The bis(2-hydroxyethyl) ammonium oleate PIL additive was soluble in the aqueous
base fluid. With an increased concentration, the viscosity of the lubricating fluid
was increased.

e  Significant friction and wear reduction were achieved using the investigated PIL
additive. At the concentration of 0.5%, 2.6- and 15.8-times friction and wear reductions
were reached.

The positive effect of the additive could be maintained for prolonged time intervals.
The adsorption of ionic liquid molecules and formation of a metal soap layer were
found to be responsible for the good tribological response.
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