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16 Abstract
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18 Tribological behavior of trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl) imide [Pses14][NTT]
19 ionic liquid (IL) used as additive in a diester oil at concentrations of 0.25, 0.5 and 1 wt% was studied in
20 this research. The IL solubility in the base oil was measured using the inductively coupled plasma mass
21 spectrometry (ICP-MS) technique and corrosion analysis was done at room temperature at relative
29 humidity of 49-77%. Tribological tests were conducted for 30 minutes at room temperature, 15 Hz-
23 frequency, 4 mm of stroke length, a load of 80 N (corresponding to 2 GPa of maximum contact pressure)
24 and relative humidity of 35-53%. Friction coefficient was recorded during tests and the wear scar was
25 measured by confocal microscopy. Worn surface was also analyzed by SEM, EDS and XPS.
26 Results showed that a saturated solution of [Psss14][NTT2] in the base oil contains about 30 wt% of IL and
27 corrosion activity for the highest concentration of IL (1 wt%) was not found after a 20-day test. Although
28 the base oil and the mixtures had similar friction behavior, 1 wt% sample exhibited slightly lower wear
29 volume than the base oil. Regarding surface analysis, SEM images exhibited similar wear track width
30 (707-796 um) and wear mechanism (adhesive) for all samples tested. In addition, the EDS spectra only
31 showed the elements present in the steel. Finally, XPS study could not detect differences regarding iron
32 chemical state. This mentioned similitude among the samples is consistent with the tribological behavior
33 obtained.
34
35 Keywords: ionic liquid, friction, wear, lubricant additive
36
37
38
431(9J 1. Introduction
41
ji Ionic liquids (ILs) are salts formed by the interaction between a weakly-coordinating inorganic anion and
jé an organic cation and with melting point lower than 100 ° C [1]. Since 2001, when Ye et al. [2] published
4S the first research on ionic liquids in Tribology, the potential incorporation of these compounds into the
48 . . . . .
49 next generation of lubricants became an active and expanding line of research [3-6]. The remarkable
50 . . . . . . . . .
51 performance of ILs in tribology is related to their excellent properties, which include high ionic
52
53 conductivity and thermo-oxidative stability, negligible vapor pressure, low melting point and
54
55 flammability and controlled miscibility with organic compounds [7,8].
56
57 Early tribology research with ILs was carried out using imidazolium cations and fluorine-containing
58
59 anions, especially [BF4] and [PFe] [9-17]. However, these fluorine-based anions tend to produce corrosion
60
61
62
63
64
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in the presence of water [18-20]. This drawback led to the incorporation of new and more stable fluorine
containing anions like [FAP] [21-30] and [NTf,] [31-40]. The excellent lubricating performance of these
anions is directly related to their reactivity [13,23,26], inducing the formation of protective adsorbed
tribofilms on metal surfaces, especially at high load conditions [6], and contributing to friction and wear
reduction. In addition, the inherent low solubility of ionic liquids in traditional base oils means that
polarity becomes a critical property that should be taken into account if they are to be used as lubricant
additives, usually in very low concentrations or even in oil-IL emulsions [41-44]. Therefore, these
compounds have been used principally as base stock in tribology research, showing great potential for
this purpose [5,13,21,45-49]. However, replacing traditional base oils by ILs is mainly limited by their
cost, so their use as neat lubricant is reduced to circumstances where there are special operating
conditions [41,50-52].

In order to overcome all the limitations mentioned above, some phosphonium cation-based ILs have been
reported as excellent additive candidates due to their full miscibility in non-polar hydrocarbon oils [53-
60]. Although some papers mentioned above have studied the tribological behavior of phosphonium ionic
liquids as a lubricant additive in different base oils and material pairs, no studies have dealt with the
effectiveness of using the trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl) imide ionic liquid
([Pss614][NT12]) as a lubricant additive in a diester oil for steel-steel contact. Therefore, this research work
analyzes the antifriction and antiwear properties of this phosphonium-cation based IL used as an additive
in a diester oil at three different concentrations, keeping the phosphorous content in the mixtures below

800 ppm according to ILSAC GF-5 specifications for motor oils.

2. Experimental details

2.1 Ionic liquid and base oil

The phosphonium cation-based ionic liquid [Pessi14][NTT2] used as additive in this work was provided by
Io-Li-Tec (Ionic Liquid Technologies GmbH). The base oil (Priolube 1936, coded as A2) was kindly
supplied by CRODA. Table 1 shows the chemical properties of the fluids used. Mixtures of the base oil
and [Pess14][NTf2] were prepared using 0.25, 0.5 and 1 wt% of IL, corresponding to a phosphorus

concentration of 108.5, 217 and 434 ppm, respectively.
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Table 1. Material properties.

IUPAC name Purity  Density Mol. Viscosity Viscosity (cP)
(CAS NUMBER) (%) 20°C Weight Index ASTM D 445
(g/em?) (® ASTM D

2270 40°C 100°C

Trihexyltetradecylphosphonium

bis(trifluoromethylsulfonyl) imide
98 1.0711 764.01 140 130.4 16.4

(460092-03-9)

Chemical Structure

Cation Anion
C32HesP™ / [Pese14] C2F6S,04N"/ [NTH]
—/—Q NN

Saka' e YAS
o

Name Oil type Density Viscosity Viscosity (cP)
20°C Index ASTM D 445
(g/cm3) ASTM D 2270 400C 1000C
Priolube  Petrochemical 091 139 26 53
1936 diester
(A2)

2.2. Solubility and corrosion

A solubility test was carried out following several steps. Firstly, the ionic liquid (about 1 mL) was added
to the base oil (about 2 mL) and vortexed in a Labonet VX 100 vortex until saturation of the ionic liquid
in the base oil was ensured (homogenous suspension). Secondly, the mixture was centrifuged at 5000 rpm
for three minutes in a Thermo electron corporation Heracus Labofuge 200 centrifuge, discarding the
densest phase (ionic liquid). Thirdly, the base oil phase (less dense) was decanted and digested with 65%
HNO3: 25% H>0» 7:1 mixture in a microwave oven, diluting the residue as much as necessary with the
aim of analyzing it by ICP-MS. Finally, the sample was left at room temperature in the dark and the
protocol was repeated from the centrifugation step after 7, 14 and 21 days.

The corrosion character of the mixtures was studied using a simple test used in a previous study [45]: a
drop of the highest ionic liquid concentration blend (1% wt.) was applied to the surface of an AISI 52100
steel disc (previously ultrasonically cleaned in heptane and air-dried) provided by PCS-Instruments and
used as received (see its characteristics in Table 2). The specimen remained at room temperature for 20

days while the corrosion activity was observed. Test was conducted at 49-77% relative humidity,
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measured at different hours of each of the 20 days of corrosion test. Subsequently, the steel surfaces were

analyzed by scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS).

2.3. Tribological tests

A Bruker-UMT-3 micro-tribometer with a reciprocating ball-on-plate configuration was employed in
order to study friction, wear and tribofilm formation in the contact. The upper (balls) and lower (disks)
specimens used are both manufactured from AISI 52100 steel (machined from annealed rod) and were
used as received from the provider (PCS-Instruments). The physical description and chemical

composition of both specimens are displayed in Table 2.

Table 2. Description of the specimens used in tribological tests.

Chemical composition (%)

C Si Mn Cr P S
AISI 52100 0.98-1.1 | 0.15-0.30 | 0.25-0.45 | 1.30-1.60 0.025 0.025
Dimensions Hardness Roughness (Ra)
Balls 9.5 mm diameter 63 HRC 0.01 pm

10 mm diameter
Disks . 190-210 HV3g 0.02 pm
x 3 mm thick

Friction and wear tests were performed for a period of 30 min under normal loads of 80 N (corresponding
to mean contact pressures of 2.1 GPa), 4 mm stroke length and a frequency of 15 Hz. Normal load was
applied using a closed-loop servomechanism, and normal load and friction force were measured with the
strain-gages. All tests were carried out at room temperature and 35-53% relative humidity measured at
the beginning of the test, using about 4 mL of mixture in each experiment to ensure fully-flooded
conditions in the contact. The friction coefficient was recorded during the tests and wear volume was
measured on the disk surface using confocal microscopy (Leica DCM 3D). In addition, at least three runs
for each test condition were made. Specimens were cleaned with heptane in an ultrasonic bath for 5
minutes before tribological tests. Previous to the characterization of the worn surface, balls and disks

were cleaned in heptane again, rinsed in ethanol and then air-dried.
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2.3. Surface characterization

In order to study and evaluate the interaction of the mixtures with the worn surface, scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS) and X-Ray photoelectron spectroscopy (XPS)
were used for all tests conducted. A JEOL-6610-LV SEM with a tungsten filament electron gun working
at a 20 kV acceleration voltage, a maximum resolution of 3.0 nm (high vacuum mode) from x5 to x50
000 magnification and a secondary electron detector was used. Microanalysis equipment integrated in the
microscope had an SDD detector model Xmax 50 with linear resolution of 125 eV in Mn Ka from 1 to
20 000 cps and active area of 50 mm?. The detection and quantification of elements is from atomic
number 4 (Beryllium) and the ultra thin window allows detection and analysis of ultralights (C, N, O ...).
Complete integrated software Oxford INCA allows selection of points or areas for analysis on the
microscopic image. XPS measurements were made with a SPECS XR50M monochromatized source
using AlKa as anode (1486.7 eV, 150W) at 45° emission angle. The 3.5x1 mm? X-Ray spot was focused
on the wear scar in every sample, with the electromagnetic lenses in high magnification mode. In these
conditions, according to the spectrometer documentation, the acceptance area is expected to be 2x0.7
mm?. The binding energy was referred to the adventitious carbon at 284.6 eV [61-63]. High resolution
spectra were taken using an energy step of 0.1 eV with a pass energy of 30 eV. The number of spectra
used to determine the average was 15 for Ols, 35 for Fls and between 40 and 50 for Fe2p3/2, depending

on the sample.

3. Results and discussion

3.1. Solubility and corrosion tests

Analyzing the solubility results obtained by ICP-MS, [Pess14][NTT2] exhibited a concentration value close
to 30 wt.% in the base oil after the 21-day test, ensuring a proper solubility of the ionic liquid in the base
oil for all concentrations of IL (0.25, 0.5 and 1 wt%) used in the tribological tests. This solubility
methodology is similar to that used by Otero et al. [49]. Table 3 illustrates corrosion activity, showing the
images recorded over 20 days for the sample with the highest concentration of IL (1 wt%). This test was
previously used for reporting the corrosion activity of [Pses14][NTT:] as a neat sample [45]. In that case the
IL caused corrosion on the steel surface. However, no signs of corrosion attack appeared in any of the
four images taken (0, 168, 336 and 480 h) during the test made in this work and the appearance of the

surface remained practically constant in all cases. This fact leads us to assume that the corrosion observed
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for the neat [Pgss14][NTT2] could be related to the presence of water and impurities instead of the IL
character. Meanwhile, the dilution effect in the oil-IL mixture could also cover up the mentioned
corrosive activity. In addition, the steel surface analysis by scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) confirmed the absence of corrosion mentioned before. Therefore,
there is no problem with using this IL as an additive in a steel-steel tribological contact from a corrosion
point of view.

Table 3. 20-days corrosion test.

Time (h)

0 168 336 480

3.2. Friction and wear

It can be observed in Fig.1 that all ionic liquid mixtures (including base oil) had an initial friction
coefficient of around 0.075. This value remained fairly constant until the end of the test, it being difficult

to establish significant differences between the four samples from a friction coefficient point of view.
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Fig. 1. Evolution of friction coefficient with time.
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The average friction coefficient of the ionic liquids tested is shown in Table 4. With less than three
percent error in all cases, the differences were almost insignificant, in agreement with what is seen in
Figure 1. In addition, the average wear volume is also displayed in Table 4, with an error value less than
7% in all cases. The expected trend was observed in this case: all ionic liquid mixtures outperformed the

base oil, the improvement being greater with the increase in the [Pess14][NTT2] concentration value.

Table 4. Mean friction and wear results.

Friction Wear
Lubricant Sample Avg, COF £ 6 Firozgr Avg. YS?;zZ%%r)ne +0 E(I;:;r
A2 0.073 £0.001 1.4 6.0+£04 6.7
A2 +0.25 % [Pec614] [NTT2] 0.073 £0.001 1.4 58+£0.2 34
A2 +0.5% [Poco14] [NT2] 0.073 £0.002 2.7 57104 7.0
A2 + 1% [Pec614] [NTH2] 0.072 £0.002 2.8 51£0.2 3.9

3.3. Surface characterization

In Fig. 2 can be seen the SEM micrographs taken from the wear scar for all samples tested. Although the
1 wt% blend slightly outperformed the neat base oil with regard wear reduction, the width of the wear
scar measured at three different locations (center, right and left) resulting in similar values ranging from
707 to 796 um for all tests conducted. In addition, the SEM images showed that the worn surface suffered
an adhesive wear mechanism in all cases. Finally, the EDS analysis mainly displayed the elements present
in the steel, so these spectra have not been included and XPS analysis should be more help in determining
the nature of the tribofilm formed by the IL-surface chemical interaction.

Regarding the XPS study, Fe, O, S, P and F were analyzed in every sample. Phosphorus and sulphur were
not detected in the sample assayed with neat A2, as was to be expected; although the two elements could
not be found in the other samples either. The absence of P can be explained if we bear in mind that
phosphorus is only found in the cation and it has been reported that it is principally the anion which

interacts with the surface [64].
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A2+ 0.25 % [Pses14] [NTH2]

X100 100pm —

A2 + 0.5 % [Pses14] [NTT2]

A2 +1 % [Psso14] [NTH2]

Fig. 2. SEM images (magnification: x100, scale length: 100 pm) from wear scar on disks.

The lack of sulphur on the surface is probably due to a problem related to the sensitivity of the measuring

instrument to this element rather than to a real absence of it. This can be confirmed by checking the Fis /

Feap32 area ratio, which can be used as an estimation of the amount of anion interacting with the surface,

ranging from 0.027 to 0.066. Taking into account the 6:1 F/S atom ratio in the [NTf,] anion, as well as the

relative sensitivity of the XPS to the two elements, sulphur areas are expected to be ~13% of those of

fluorine, which actually makes S undetectable. High resolution spectra of Fis (Fig. 3a) reveal that this

element does not appear in the sample lubricated with neat A2, as expected, but it is present in samples

tested with 0.25%, 0.5% and 1.0% [Pes14][NTT2] at 688.3+ 0.1 eV, a value which corresponds to C-F

bonds in [NTf:] anion [65].
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Fig. 3. F1s (a) and O1s (b) XPS high resolution spectra for samples lubricated with neat base oil, and

0.25%, 0.5% and 1% of [P66614][NTf2].
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With respect to the high-resolution analysis of iron, it is interesting to note that no differences in the
chemical composition of this metal could be detected between the samples. The iron Fejp3/» photoemission
peak was fitted using four different curves, assuming the presence of Fe (III), Fe (II), Fe(0) and FeOOH.
A product of gaussian (70%) and lorentzian (30%) curves was used for every type of iron, although an
asymmetry factor modelled as an exponential tail in the high binding energy section was used for Fe (III)
and Fe (0), as described by Mangolini et al. [66]. The peaks were located at 706.1 £ 0.2 eV, 709.1 = 0.2
eV, 710.4 £ 0.3 eV and 712.1 + 0.3 eV which can be assigned respectively to Fe (0), Fe (II), Fe (I1II) and

FeOOH [66,67]. Results of the fitting for Fe2p3/2 are summarized in Table 5 and Figure 4.
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Fig. 4. Fe 2p3/2 XPS high-resolution spectra for samples lubricated with:
a) Neat base oil, b) A2 + 0.25% [Pess14][NT12], ¢) A2 + 0.5% [Pess14][NTF2] and

d) A2 + 1% [Pess14][NTE].

The similarity of the chemical states of this element between the samples is consistent with that observed
both in the coefficient of friction and the wear volume. Although the wear volume seems to decrease with
increasing percentages of [Pese14][NT12], the change is not statistically significant and the reduction is so

low that it cannot be seen in the iron ratios.
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On the other hand, Figure 3b shows the Ols experimental peaks, which were fitted using three different

curves: a first one at 532.7 + 0.3 eV which can be assigned either to NTf, or water, reported respectively

at 532.4 eV and 533.0 eV [65,67], a second one at 531.1 + 0.1 eV corresponding to hydroxides [66] and a

third one at 529.4 eV £+ 0.2 eV, probably from oxides [66].

Table 5. Results for the XPS Fe2p3/2 curve fitting. GL(30) represents a product of gaussian (70%) and

lorentzian (30%) curve and T(x) indicates a tail in the peak with an assimetry factor of x.

Fe (0) Fe (II) Fe (III) FeOOH
Curve Fitting
GL (30) T (0.65)  GL (30) GL (30) T (1.5) GL (30)
A2 706.4 eV 709.4 eV 710.7 eV 712.5eV
(40%) (22%) (32%) (6%)
A2 +0.25 % [P66614] [Nsz] 705.9 eV 708.9 eV 710.1 eV 711.7 eV
(40%) (20%) (33%) (8%)
A2 +0.5% [P66614] [Nsz] 706.1 eV 709.1 eV 710.4 eV 712.3 eV
(40%) (20%) (33%) (7%)
A2 + 1% [Poss1s] [NTH] 706.2 eV 709.1 eV 7102 eV 712.0 eV
(36%) (18%) (37%) (9%)

* Number in brackets indicates the contribution of that peak to the global curve.

Table 6 shows the percentage of oxygen from every source as well as the oxygen / iron ratio. Although

the content of O from NTf, or water seems to be constant or even decreases with IL, it must be

remembered that the percentages shown are relative to the total amount of O. Considering the O/Fe ratio

as well, the sample with A2 has the lowest Ols value at 532.7 eV.

Table 6. Ols and O/Fe ratio.

532.7 (eV) 529.4 (eV) 531.1 (eV)
Sample NTf,/water Iron oxides Hydroxides | O/Fe
(%) (%) (%)
A2 12.1 55.6 325 1.17
A2 +0.25 % [Pes14] [NTH] 12.1 43.2 447 2.09
A2 +0.5% [Pec614] [NTH2] 13.4 46.4 40.3 1.65
A2 + 1% [Pes614] [NTH2] 9.8 47.9 424 1.69

Higher values for the O/Fe ratio were found for samples containing [Psesi4][NT:] (2.089 for 0.25%,

1.654 for 0.5% and 1.686 for 1%) than for the neat base oil sample (1.169), as a consequence of small
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chemical variations on the surface detected by XPS due to the presence of [NTf;] anion. In previous work
[35,60] differences in these ratios (oxihydroxydes/oxides, Fe/O) were related to the wear volume.
However, in this case, such changes in Fe/O do not seem to correspond to tribological variations between
samples with [NTf;], which suggests the need for further analysis.

The use of a base oil (an ester in this case) with polar nature could lead to a competition for the metallic
surface between the ionic liquid and the base oil in order to form physical bonds. This competition can
influence negatively on the expected tribological improvement from the use of the ionic liquid as an
additive in comparison with the base oil. Thus, in this work a noteworthy difference in tribological
behavior (wear reduction) was found only for the mixture with highest concentration of ionic liquid.

The influence of polarity has been demonstrated for mixtures formed by a low polarity base oil
(polyalphaolefins or mineral oils), as the main component, and a polar compound (ester), resulting in
improved tribological behavior (friction and wear) under both mixed and boundary lubrication conditions
[68-69]. This fact was also proved with mixtures of a non-polar oil (mineral oil or polyalphaolefin) and
ionic liquids used separately as an additive, even at low concentrations, in a steel-steel contact, resulting
in better friction and wear performance of the mixtures with regard to the neat base oil [35,53,60,70-72].
Also, that tribological improvement by using ionic liquids as an additive in non-polar oils was found in

pairs with coated surfaces [22-23, 73-74].

4. Conclusions
The tribological behavior of a novel [NTf,] anion-based ionic liquid was studied as an additive to a
diester oil in three different concentrations (0.25, 0.5 and 1 wt%) in steel-steel contact using a
reciprocating ball-on-disk configuration. From the results obtained, the following conclusions can be
drawn:
e Solubility tests found that a saturated solution of [Pese14][NTT,] in the base oil contains around
30 wt% of IL, allowing its use as a lubricant additive. In addition, the sample with the highest
concentration (1 wt %) used does not show corrosion activity.
e All IL mixtures showed similar friction results to the base oil, but only the mixture with highest
IL concentration (1 wt%) showed appreciable wear reduction in comparison with the neat base

oil. These results could be related to the competition of the base oil and the ionic liquid for the
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metallic surface due to their polar nature, which worsens the expected improved tribological

behavior of the IL-containing mixtures.

e The similarity of the chemical states of Fe between the samples when observed by XPS is

consistent with the similar friction results obtained. The slight wear reduction observed with the
addition of ionic liquid could be explained by the small chemical variations in the surface that

were identified by XPS analysis.
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