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Heat generation by friction during machine operation causes thermo-oxidative degradation and
evaporation of lubricants which in turn generates volatiles. Therefore, having an excellent thermo-
oxidative stability is one of the desired prerequisites for the applicability of lubricants in tribological
systems. This study reports new insights regarding the thermo-oxidative stability of halogen-free room-
temperature ionic liquids (RTILs) as well as fundamental changes in the tribofilm's composition that have
a positive impact on their tribological performance at elevated temperatures. In this context, the
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1. Introduction

The on-going trend of improving the energy efficiency, fuel
economy and long-term reliability of modern machinery has
drawn tremendous interest for the development of high
performance lubricants and/or lubricant additives that can
significantly reduce the friction and wear of mechanical devices
with moving parts, while posing less risk to the environment. In
this context, room-temperature ionic liquids (RTILs) have been
explored as novel lubricants since 2001 (ref. 1) and are currently
subject of great interest for lubrication in both fundamental
and applied research.>” Based on their unique and tunable
physico-chemical properties (low to negligible vapour pressure,
good thermal stability, inherent polarity, low melting point,
etc.), RTILs have also been studied as versatile lubricants and/or
lubricant additives for various engineering surfaces under
elevated temperatures®*™ and vacuum, where the use of
conventional lubricants is limited. Therefore, RTILs are
advanced, technological solvents that can be designed to fit
a particular application. However, the perception that all RTILs
are green solvents may lead to inappropriate experimental
design and/or utilization of these compounds.*

Several types of RTILs with imidazolium, ammonium,
phosphonium, pyridinium, pyrrolidinium, etc., as cations and
halides, hexafluorophosphate (PFs~), tetrafluoroborate (BF, "),
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iron phosphide/phosphate tribofilms on the disc surfaces, as detected by XPS.

perchlorate  (ClO,), bis(pentafluoroethanesulfonyl)imide
(BETI ), bis(trifluoromethylsulfonyl)imide (NTf, ), tris(penta-
fluoroethyl)trifluorophosphate (FAP™), etc., as anions have been
evaluated for their tribological properties,""*'*>" thermal
stability and corrosiveness.”>** Most imidazolium and ammo-
nium salts with shorter alkyl chains tend to absorb water when
exposed to moisture.”® Moreover, it has been reported that the
decomposition of halogen containing anions (especially PF¢~
and BF, ) either under tribological conditions or via hydrolysis
by water trapped molecules yields hazardous by-products
(HF, etc.) that can cause (tribo)corrosion, thus resulting in
increased friction and wear on both steel and aluminium
surfaces.’>”?® In addition, the high costs associated with the
production and disposal of the halogenated RTILs (especially
fluorine-based precursors) represent big challenges for their use
in industrial applications. Therefore, halogen-free RTILs have
recently become a topic of great interest in terms of cost-effective
and environmentally-acceptable lubricant development.

Initial studies on halogen-free ionic liquids (ILs) included
the use of organic phosphate anions such as dimethylphos-
phate and diphenylphosphate that have shown similar or even
lower friction and wear than Tf,N~ and FAP™ for both steel/steel
and aluminium/steel systems.'****°* Moreover, alkylborate
dithiophosphates have also been investigated with the main
goal of combining B, S and P atoms in one organic molecule
aiming at improving tribological and environmental perfor-
mance of both dialkyldithiophosphates and borate esters.**

However, the limited solubility of RTILs (whether haloge-
nated or not) in non-polar hydrocarbon oils represents one of the
bottleneck limiting factors for their use in tribological applica-
tions. Therefore, in order to overcome the solubility challenge,
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some recent studies focused on lubricant mixtures composed of
alkylborane-imidazole complexes blended with halogenated
and halogen-free RTILs.>>* It has been reported that these
complexes (also known as Lewis acid-base complexes) have
some physical properties (viscosity, glass transition temperature
and melting point) that are comparable to those of conventional
RTILs.** Moreover, due to the strong coordination of nitrogen to
boron, these complexes possess a considerable amount of
charge that allows them to act as an aprotic polar solvent capable
of dissolving various substrates or salts.*>** It was found that
phosphate-based tribofilms from phosphonium phosphate IL
exhibit better tribological properties than fluoride-based tribo-
films from halogenated IL. Other studies on oil miscible phos-
phonium phosphate ILs as lubricant additives reported
comparable or even superior anti-wear and anti-scuffing prop-
erties of those ILs when compared to a conventional ZDDP
additive in a polyalphaolefin base 0il.**?** In case of
phosphonium-based ILs, their bulky structure with a higher
number of alkyl groups leads to weakening of the Coulomb force
between the anion and cation, thus improving their affinity with
non-polar molecules (such as hydrocarbons). This makes them
fully soluble in both mineral and synthetic oils.

Other tribological studies involving bis(salicylato)borate
anion combined with imidazolium and ammonium ILs have
also been reported.**** However, the authors were not able to
provide a plausible explanation about the ILs lubrication
mechanism which was attributed to the “complexity of boron
chemistry”. Nevertheless, this was clarified by other research
groups that suggested an anti-wear mechanism that involves
formation of thin layers of boron trioxide (B,Os3) on the metal
surfaces.*>*

Some relatively recent advancements in tribology of halogen-
free ILs using phosphonium cations,*> ammonium-organoborate
ILs*® as well as ILs derived from amino acids*” have also been
reported. Most of the ILs synthesized and investigated in these
studies showed superior tribological performance whether used
as neat liquids or as lubricant additives.

The heat generation by friction during machine operation
causes thermo-oxidative degradation and evaporation of lubri-
cants which generates volatile fragments.** Therefore, having an
excellent thermo-oxidative stability is one of the desired
prerequisites for the applicability of lubricants in tribological
systems. In contrast to well explored long-term behaviour of
conventional lubricants, there is still a lack of knowledge in case
of the ILs long-term performance.”® Some studies showed that
the thermal stability and corrosion properties of imidazolium
and ammonium-based ILs with Tf,N~ and methanesulfonate
anions depend on the combination of cation and anion.?*?%*®
Furthermore, an intermolecular transmethylation in
ammonium-based ILs was identified under long term thermo-
oxidative stress. It was suggested that the altered products
from the ILs can negatively influence their tribological perfor-
mance due to thermal degradation.*

While our previous results obtained using alkylborane-
imidazole complexes blended with phosphonium phosphate
IL as additive are promising,*** this current study reports
new insights regarding the thermo-oxidative stability and

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

fundamental changes in the tribofilm's composition that have
a positive impact on the ILs tribological performance at elevated
temperatures. It has been reported previously that iron phos-
phide tribofilms which are occasionally formed from phospho-
nate esters improve the anti-wear properties of lubricants.*>->*
Moreover, there is no evidence in literature of phosphide tribo-
films formed from phosphonium phosphate ILs.

Therefore, to the best of our knowledge, this is the first study
reporting the formation of iron phosphide species from phos-
phonium phosphate ILs. In order to correlate the role of the
tribofilms formed on the surface with wear behaviour, the
topography of the rubbed surfaces was examined using white
light confocal microscopy and the chemical nature of the tri-
bofilms was investigated by X-ray photoelectron spectroscopy
(XPS).

2. Experimental section

2.1. Materials and additive chemistry

N-Allylimidazole tributylborane (hereafter referred to as A) and
N-ethylimidazole tributylborane (hereafter referred to as E) were
purchased from Kanto Chemical Co., Inc. (Tokyo, Japan) and
were blended into a 1 g mixture (1 : 1 ratio), which was used as
a carrier fluid. Tributylmethylphosphonium dimethylphos-
phate (hereafter referred to as P) purchased from Nippon
Chemical Industry Co., Ltd. (Tokyo, Japan) was employed as
anti-wear additive at concentrations of 100 mM and 1000 mM.
4,4'-Methylene-bis(2,6-di-tert-butylphenol) (hereafter referred to
as AO) from SI Group, Inc. (Schenectady, NY) and glycerol
mono-oleate (hereafter referred to as FM) commercially avail-
able from INOLEX (Philadelphia, PA) were used as antioxidant
(100 mM concentration) and friction modifier (50 mM
concentration), respectively. The chemicals were used as
received. The molecular structures of the individual lubricant
components are displayed in Fig. 1.

2.2. Physico-chemical characterization of ionic liquids

The kinematic viscosities at 40 and 100 °C were measured with
a Stabinger viscometer SVM 3000 (Anton Paar GmbH, Graz,
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Fig.1 Molecular structures of the lubricant components.
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Austria). The viscosity index was determined according to the
ASTM D2270-04 standard. The water content (as a result of RTIL
moisture uptake) was determined using Karl-Fisher titration
method.

2.3. Thermo-oxidative stability of ionic liquids

Artificial alteration experiments were performed to get a better
understanding of RTILs structural changes during thermo-
oxidative stress and its impact on the tribological perfor-
mance. Sample aliquots of 1 g were transferred to non-sealed
glass vials which were placed in a laboratory oven and
exposed to 100 °C for a duration of 1, 3 and 7 days. The applied
temperature was adjusted to the one used during the tribolog-
ical experiments. The sample's weight was measured before and
after the artificial alteration experiments using a high precision
laboratory balance.

The visual changes in selected samples were analysed by
ultraviolet-visible (UV-VIS) light analysis using an Analytik Jena
SPECORD 50 UV-VIS spectrometer (Jena, Germany). A 1 mm
cuvette was used and the samples were diluted in methanol.

Structural changes as a result of thermo-oxidative stress were
monitored by Attenuated Total Reflectance Fourier Transform
Infrared analysis (ATR-FTIR) using a Bruker Tensor 27 spec-
trometer (Esslingen, Germany) equipped with a diamond
crystal.

2.4. Evaluation of tribological properties of ionic liquids

The tribological evaluation of the IL mixtures on AISI 52100
steel-steel contact was conducted with a ball-on-flat model
contact in a Schwing-Reib-Verschleiss (SRV) tribometer (Opti-
mol Instruments Priiftechnik GmbH, Munich, Germany) oper-
ated in oscillating reciprocating motion. Fresh steel specimens
were used for each lubricant sample. The specimens were
subsequently washed in three different solvents (toluene, iso-
propanol and petroleum ether) for ten minutes each, using an
ultrasound bath, before and after the tribological experiments.
The lubricant quantity (0.2 mL) was adjusted using a glass
pipette to ensure fully immersed tribocontacts for the entire
duration of the experiment. The coefficient of friction (COF) was
monitored as a function of time. At least three repetitions were
performed for each investigated IL mixture and the results were
averaged. The SRV tribometer parameters are listed in Table 1.

2.5. Surface topography and chemical composition of the
tribofilms

After each tribological experiment, the topography of the worn
surfaces was analyzed using a psurf white light confocal
microscope (NanoFocus AG, Oberhausen, Germany). The
volume of the wear scars acquired on both tribo-pairs (ball and
disc) was calculated with MATLAB software, as previously
described in our earlier works.***** An ideal surface was
defined as reference surface which was flat for the discs and
spherical for the balls. The volume of the removed material was
calculated by subtracting the value between the reference
surface and the measured worn surface.
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Table 1 Tribometrical conditions
SRV rig Applied load (N) 150
parameters Average Hertz contact stress (GPa) 1.6
Frequency (Hz) 50
Stroke (mm) 1
Oil temperature (°C) 100
Duration (min) 60
Fluid quantity (mL) 0.2
Specimens  Ball  Material AISI 52100
Diameter (mm) 10
Hardness (HRc) 60
Surface roughness R, (um) 0.025
Disc  Material AISI 52100
Size (mm) d24x79
Hardness (HRc) 62
Surface roughness R, (um) 0.45-0.65

The chemical analysis of the tribofilms formed on the discs
was performed by XPS. The analyses were conducted using
a Thetaprobe (Thermo Fisher Scientific, East Grinstead, United
Kingdom) equipped with a monochromatic Al Ko X-ray source
(v = 1486.6 eV) and a hemispherical analyser. The measure-
ments were performed at a base pressure of 2 x 10~° mbar. The
analysed spot size diameter was 300 um, and the pass energies
used were 200 eV for the survey spectra and 50 eV for the high
resolution spectra, respectively. Afterwards, the spectra were
processed by a software (Thermo Fisher Scientific Avantage
Data System, East Grinstead, United Kingdom), using
Gaussian-Lorentzian peak fitting. All the high resolution
spectra were referenced to the adventitious carbon (C 1s
binding energy of 284.8 eV).

3. Results and discussion

3.1. Physico-chemical characterization of ionic liquids

The physico-chemical properties of the selected neat fluids A, E
and P are given in Table 2. P exhibited much higher viscosity
when compared to the other two fluids (A and E) at both
measured temperatures. It has been reported that in ILs, the
viscosity increases with the increase in the chain length® and
that the ILs viscosities are governed essentially by van der Waals
forces and hydrogen bonds.* Therefore, an increase in viscosity
for P could be attributed to an increase in van der Waals and
Coulomb interactions from the alkyl chains due to reduced
rotation freedom.>

3.2. Thermo-oxidation of ionic liquids

The photographs of the IL samples after the artificial alteration
experiments are shown in Fig. 2. Except for the phosphonium
phosphate IL, which preserved its colour and exhibited a honey-
like rheological behaviour, all the other IL samples formed
dark-solid deposits after 7 days at 100 °C. The relationship
between molecular structure and volatility of neat ILs was
clearly observed during the artificial alteration experiments as
displayed in Fig. 3.

It is evident that phosphonium phosphate alone is much
more stable than imidazole-tributylborane complexes, which

This journal is © The Royal Society of Chemistry 2017
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Table 2 Physico-chemical properties of the neat fluids A, E and P
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Viscosity
(mm?s™)
Viscosity index Water content
Sample Abbreviation 40 °C 100 °C (VD) Purity (%) (Wt%)
N-Allylimidazole tributylborane A 23.6 3.7 —28.2 >97.0 2.6
N-Ethylimidazole tributylborane E 26.7 3.8 —67.4 >97.0 2.5
Tributylmethyl-phosphonium P 185 15.1 80.0 98.6 0.5
dimethylphosphate
I 80 ———————————————
Sample Fresh | Altered (7 days) } !
N-Allylimidazole : ' E
tributylborane + | $60q,; 1
N-Ethylimidazole ! g2 | :
tributylborane ! E ! -
(AE) il @ 404! i
| 2 1 1
Tributylmethyl- I = | !
phosphonium : -%’ . 1
5 11 !
dimethylphosphate : ki | i
® I i !
| 1 !
':' | 03 |
[ 'A E P | AEP100 AEP 1000 AEP 1000 AEP 1000
| ! . pomM mM  mM+AO mM+FM
AEP 100 mM ] : L____we_at_ﬂf‘gs_____l 100mM  SOmM
1
':r Fig. 3 Weight loss at constant temperature of 100 °C for 7 days.
1
|
AP 1000 M i On the other hand, the mixture with the conventional anti-
! oxidant (AEP 1000 mM + AO 100 mM) showed higher weight loss
H during the 1%, 3™ and 7™ day of experiments. Surprisingly,
i . .
AEP 1000 mM upon addition of AO to the AEP 1000 FnM.mlxture., unexpected
+AO 100 mM colour change occurred, as observed in Fig. 2. It is suggested,
that a possible ionic exchange between P and AO could yield
a phenoxy radical derived from phenol by loss of a hydrogen
atom. This phenoxy radical could shift the UV absorbance
AEP 1000 mM . .
+FM 50 mM leadlng to visible colour char%g.e.
Weight loss after the addition of the FM to AEP 1000 mM

Fig. 2 Thermo-oxidatively stressed samples (100 °C for 7 days).

can be attributed to their different chemistry. Almost no weight
loss was detected for the phosphonium phosphate IL, where
strong Coulomb forces are present.

The increasing content of P improved the thermo-oxidative
stability of AE mixture due to the ability of the phosphate
group to form an oxygen barrier between the oil and air inter-
face®® as well as the ability of organophosphorus compounds to
decompose the peroxides, thus controlling the oxidative
degradation of lubricants.”” This trend was also observed during
the 1°° and 3™ day of the experiments, when AEP 1000 mM
always led to lower weight loss when compared to AEP 100 mM
(as shown in the ESI, Fig. S17). It is therefore suggested that the
phosphonium phosphate IL possess antioxidant properties,
and that the type and the amount of IL are equally important
considerations for the formulation of IL lubricants.

This journal is © The Royal Society of Chemistry 2017

mixture was slightly better after 1% and 3" day at 100 °C when
compared to the AEP 1000 mM mixture (Fig. S1t). However
during the 7" day, the antioxidant performance worsened, thus
suggesting that the production of volatiles was accelerated in
the second half of the experiment. It should be mentioned, that
all the reported weight losses were normalized according to the
water content loss.

According to the UV-VIS analysis conducted on the AO con-
taining IL mixture, a significant absorption at 400 nm (violet
range) was detected together with a weaker one at 580 nm
(orange range), indicating that more than one molecular change
occurred. Based on the UV-VIS data, the colour intensity of AEP
1000 mM after the 7™ day of alteration was qualitatively brighter
compared to the one of the AO containing IL mixture (Fig. S2
from the ESIf). A brighter colour is indicative for a slightly
better thermo-oxidative stability, as shown in Fig. 2 and 3.

No changes in the FTIR spectra have been detected for the
phosphonium phosphate IL after the 7™ day of thermo-
oxidative stress, confirming its superior stability (Fig. S3, in

RSC Adv., 2017, 7, 48766-48776 | 48769
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ESI}). On the other hand, in the case of the imidazole based ILs,
major changes concerning intensity and band positions were
observed (Fig. S3b and cf). The number of C-H stretching
vibration bands (2802 cm ™" to 2950 cm™ ") diminished from five
to three, while the band intensities decreased significantly. The
finger print region changed dramatically for both ILs as a result
of molecular changes. In case of N-allylimidazole based IL,
a hint of oxidation (C=0 band) was detected based on a weak
signal present at 1710 cm ™.

Regarding the AEP 100 mM mixture, an overall decrease in
the intensity for the C-H stretching vibration bands (2802 cm ™"
to 2950 cm ') was observed throughout the artificial alteration,
regardless of the number of sampling days (Fig. 4a). The band
corresponding to carbonyl group (C=0 at 1710 cm™ ') was also
detected for this mixture. An increase in the bands' intensity in
the fingerprint region (900 cm™ " to 1500 cm ') is indicative for
the decomposition of the ILs that may lead to volatiles forma-
tion as seen in the weight loss data (Fig. 3).

The carbonyl band (C=0) was absent in case of the AEP
1000 mM mixture (Fig. 4b). Only a small neighbouring peak at
~1647 cm ™" which could be attributed to increased C=C band
formation was detected for the sample exposed to artificial
alteration for 7 days. Moreover, the C-H stretching vibration
bands (2802 cm ™' to 2950 cm™ ') appear not to decrease over
time, thus supporting the lower weight loss results obtained for
this mixture in comparison to AEP 100 mM (Fig. 3). The
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_ \ p | —Tthcay
=‘ |
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Fig.4 FTIR spectra of AEP 100 mM (a) and AEP 1000 mM (b) mixtures:
fresh and exposed to artificial alteration experiments for 1, 3and 7 days.
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fingerprint region was characterized by the appearance of
P-O-C deformations vibrations (1049 cm™" and 1087 ¢cm™ )
which are characteristic for the phosphate based ILs,*® as well as
slight changes in molecular structures highlighted by the slight
increase in the intensity of the bands detected in this region.

Regarding the other two mixtures (AEP 1000 mM + AO
100 mM and AEP 1000 mM + 50 FM), no significant changes
have been detected in the FTIR spectra in comparison to the
spectrum of the AEP 1000 mM mixture. This could be attributed
to the low content of AO and FM additives. The FTIR spectra of
these mixtures are included in the ESI (Fig. S4a and bt).

3.3. Tribo-evaluation of ionic liquids

A well pronounced running-in, followed by a slight decrease in
friction and culminating with the failure of the lubricant film
were characteristic for the AE (1:1) additive-free mixture
(Fig. 5). This was highlighted by the sudden increase in friction
after approximately 50 minutes. As expected, the decrease in the
viscosity at elevated temperature had a negative impact on the
tribological performance of this mixture, leading to a decrease
in the lubricant film thickness. As a consequence, an increase in
the area of metal asperity contacts caused a sharp rise in fric-
tion.* It is well known that in case of low viscosity lubricants,
the conditions between the moving parts are harsher due to the
increased temperature from the higher friction. Therefore, the
large instabilities in friction observed for the AE (1 : 1) additive-
free mixture are similar to a behavior of a dry contact between
the moving parts and can be attributed to the boundary lubri-
cant failure.

The addition of 100 mM of P additive slightly improved the
first 300 s of the running-in but led to an unstable friction
outlined by the partial seizures observed for the AEP 100 mM
mixture in Fig. 5. This result indicates that P concentration was
too low for an overall improvement in friction under these
conditions. On the other hand, a 10 fold increase in the P
additive concentration led to a significant improvement in the
running-in as well as in the overall friction which decreased to
a steady-state value of 0.08. Furthermore, the addition of either
100 mM of AO or 50 mM of FM to the AEP 1000 mM mixture led
to similar results showing a smooth running-in and a relative
stable but slightly higher friction with only a few partial seizures
as compared to the AEP 1000 mM mixture alone.

Overall, the friction results show that an increase in the P
concentration for the AE (1:1) mixture was beneficial in
providing a sufficient load-carrying capacity to separate the
rubbing parts while facilitating the reaction of the phospho-
nium phosphate IL with the metal surface.* As previously re-
ported, when a metal surface is lubricated by IL, a layer
structured film is formed initially by physical adsorption.*® The
anions react first with the positively charged metal surface to
form a layer composed of iron phosphates. It is therefore sug-
gested that the formation of a multi-layer tribofilm that possess
low traction at the interface under sliding was responsible for
the reduced friction in case of the AE mixtures formulated with
phosphonium phosphate.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Friction curves and average friction coefficients taken after the running-in period (>1200 s).

The effectiveness of the additives in terms of anti-wear
properties shows even more outstanding results which are
displayed in Fig. 6. The disc wear volume decreased by 1 order
of magnitude for the AEP 100 mM, AEP 1000 mM and AEP
1000 mM + AO 100 mM mixtures in comparison to the additive-
free AE (1 : 1) mixture. Moreover, the disc wear volume further
decreased by a total of 2 orders of magnitude when FM 50 mM
was added into the AEP 1000 mM mixture. A summary of the
total wear volume of both counterparts is presented in the ESI
(Fig. S5).1 The wear scar topographies on the balls are shown in
Fig. S6.t1

The wear results are further confirmed by the surface
topographies of the discs lubricated with the AE (1 : 1) additive-
free mixture and the ones containing AO, FM and P at various
concentrations (Fig. 7). A large and deep wear scar dominated
by severe abrasive wear can be observed for the surface lubri-
cated with the additive-free AE (1 : 1) mixture. This could be
attributed to the high fluctuations in friction recorded during
the running-in period.

1.2E+07
ae(:1) i
=
£ soes06
@
E
2
°
>
=
3
2 4.0E+06 AEP 100 mM
o
2
a AEP 1000 mM
AEP 1000 mMA .» AO 100 mM
e AEP 1000 mM
0.0E+00 + FM 50 mM
0 0.05 0.1 0.15 0.2

Friction coefficient

Fig. 6 Average disc wear volume versus average friction coefficient of
the steel surfaces lubricated with AE (1:1); AEP 100 mM; AEP
1000 mM; AEP 1000 mM + AO 100 mM and AEP 1000 mM + FM
50 mM.
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On the other hand, the wear scars generated on the surfaces
lubricated with the mixtures containing P at various concen-
trations were comparatively smaller. This clearly indicates that
under these conditions, the phosphonium phosphate IL was
instrumental in improving the anti-wear properties of the
alkylborane-imidazole mixture.>® Moreover, a smooth surface,
almost free of abrasion grooves could be detected in case of AEP
1000 mM + FM 50 mM mixture. This could be attributed to
a synergistic effect between the FM and the phosphonium
phosphate IL on the disc. Due to the presence of two hydroxyl
groups at the terminal of its molecule, the friction modifier
could be adsorbed onto the metal surface thereby providing an
extra wear protection.”® The different frictional and wear
behaviours of the evaluated mixtures could be related to the
chemical composition of the formed tribofilms which will be
discussed within the next section.

3.4. Chemical composition of the tribofilms

In order to characterize the surface chemistry, XPS spot analyses
were conducted in the middle of the wear scars of the discs
lubricated with AE (1 : 1), AEP 100 mM, AEP 1000 mM and AEP
1000 mM + FM 50 mM mixtures. The XPS spectra were acquired
after 20 seconds of fine sputtering which was conducted in
order to remove any possible hydrocarbon contamination.

The high resolution XPS spectrum of B 1s from AE (1: 1)
mixture shows the presence of boron oxides at a binding energy
of 191.2 eV (ref. 32 and 33) (Fig. S7 in the ESI}). It has been
reported that boron oxides readily formed from orthoborate
based compounds improve tribological properties of the
rubbing surfaces.*”** However, in case of tributylborane
compounds, a two-step chemical reaction for boundary film
formation is suspected; (1) elimination of the butyl group, and
(2) oxidation of boron, thus suggesting a slow generation of
boundary film. The lubricant failure occurred after almost 3000
seconds was probably due to insufficient formation of boundary
film.

RSC Adv., 2017, 7, 48766-48776 | 48771
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Fig. 7 Topography images of worn disc surfaces lubricated with AE (1 : 1); AEP 100 mM; AEP 1000 mM; AEP 1000 mM + AO 100 mM and AEP

1000 mM + FM 50 mM.

Fig. 8 shows the P 2p spectra of the P containing AE (1: 1)
mixtures. Two obvious contributions could be detected for the
AEP 1000 mM + FM 50 mM (top) and AEP 1000 mM (middle)
mixtures. According to prior findings, the first one at 129.2 eV is
attributed to iron phosphide®*® whereas the second one at
133.3 eV is attributed to iron phosphate.’** Regarding AEP
100 mM, only one obvious contribution of iron phosphate
(133.3 eV) could be detected in the P 2p spectrum (Fig. 8,
bottom). Due to high level of noise compared to the signal, it is
rather difficult to detect the formation of iron phosphide in this
case.

As to the mixtures with higher P content (1000 mM), it
should be mentioned that this is the very first study reporting
on the formation of iron phosphide species from phosphonium
phosphate ILs. While most of the literature reported on
formation of iron phosphate tribofilms as a result of a tri-
bochemical reaction of phosphate anion with iron surfaces, it is
believed that in this current study, the reaction of the phos-
phonium cation with the nascent tribo-stressed metal surface
could be at the origin of the suspected formation of iron
phosphide.

The hard and soft acid base (HSAB) principle of Pearson can
be used to explain the tribochemical reactions.®® According to
this principle, “a hard base prefers to react with a hard acid and
a soft base with a soft acid”. In our case, the pyrolysis of

48772 | RSC Adv., 2017, 7, 48766-48776

tetraalkyl phosphonium cation yields trialkyl phosphine which
is a soft base, phosphate anion is a hard base, metallic iron
a soft acid, and iron oxide a hard acid. It is therefore hypothe-
sized that the trialkylphosphine will react preferentially with
metallic iron to form iron phosphide and phosphate will react
with iron oxide to form iron phosphate.

According to the friction and wear results from the previous
section, the formation of iron phosphide tribofilms was bene-
ficial in improving the tribological performance of the tribo-
system. This is further highlighted in Table 3 and Fig. 9 where
an increase in the overall relative surface atomic concentration
of P 2p is correlated with an improvement in the anti-wear
properties exhibited by the AEP 1000 mM + FM 50 mM
mixture on the disc surface.

3.5. Tribofilm formation

Based on the XPS analyses, the differences in composition of
the tribofilms formed on the steel substrates are illustrated in
Fig. 9.

According to XPS, the tribofilms formed on the steel surface
rubbed with the mixture containing the FM are composed of
a mixture of iron phosphate (9.7 at%) and iron phosphide (6.4
at%). Additionally, a mono-molecular layer (possibly removed
during sputtering) coming from the FM adsorbed on the steel
surface completes the structure of this tribofilm. According to

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 High resolution XPS spectra of P 2p for P containing mixtures.

Table 3 Surface atomic concentrations of elements inside the middle
of the disc wear scar as acquired by XPS survey scans

Element concentration (atomic%)

Sample C1ls O1ls N1s Fe2p Bils P2p
AE (1:1) 50.6 350 51 55 3.6 —
AEP 100 mM 7.4 519 29 28.3 — 5.2
AEP 1000 mM 49.8 245 — 12.1 — 9.7
AEP 1000 mM + FM 50 mM 8.6 424 — 36.4 — 11.4

prior findings, the thickness of this mono-molecular layer is
less than 2 nm, as observed by TOF-SIMS analysis.*"*

The tribofilm detected on the surface rubbed with the AEP
1000 mM mixture was also composed of a mixture of iron
phosphate (4.9 at%) and iron phosphide (3.6 at%) but the lower
quantities found for these species led to a poorer tribological
performance of the AEP 1000 mM mixture when compared to
AEP 1000 mM + FM 50 mM regarding the disc surfaces.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Schematics of tribofilm structures produced by AEP 100 mM,
AEP 1000 mM and AEP 1000 mM + FM 50 mM, and their contribution
on disc wear reduction.

Finally, the tribofilms detected on the steel disc surface
rubbed with AEP 100 mM mixture consisted mainly of iron
phosphate (2.5 at%). The lack of iron phosphide associated with
the lowest amount of iron phosphate could be indicative for the
insufficient tribological performance exhibited by this mixture.

4. Conclusions

This work revealed further insights into thermo-oxidative
stability and tribochemistry of phosphonium phosphate IL in
alkylborane-imidazole complexes. The thermo-oxidative
stability assessment showed that a careful selection of an
appropriate carrier fluid and IL additive are crucial when it
comes to formulation of IL-based lubricants.

On the other hand, the phosphonium phosphate IL proved
to significantly enhance both thermo-oxidative stability and
tribological performance of the alkylborane-imidazole
complexes. The friction and wear behavior was correlated with
fundamental changes in the tribofilm's composition that had
a positive impact on the ILs tribological performance at elevated
temperatures. In this context, clear evidences for the formation
of iron phosphide based tribofilms from phosphonium phos-
phate IL have been reported for the first time.

Additionally, a beneficial effect between the phosphonium
phosphate and a conventional friction modifier led to improved
anti-wear properties of the disc surfaces supported by the
presence of iron phosphide and phosphate tribofilms, as
detected by XPS.

The current findings can be extended to optimize lubricant
formulations that are exclusively based on ionic liquids, thus
providing a step forward towards a more novel lubrication
approach focused on the molecular design of RTIL-based
lubricants.
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