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Abstract

An exploration of new space lubricant architectures is motivated by the lack of diversity of heritage space
lubricants, their known limitations, increasingly demanding mission objectives, and the emergence of new
regulations. In this study, we have benchmarked a non-halogenated orthoborate ionic liquid (IL) lubricant
formulation against two space heritage commercial fluids based on multiply alkylated cyclopentane (MAC)
and perfluoropolyether (PFPE) using a simple vacuum pin-on-disk test performed at three temperatures
(40, 100 and 140°C). The study encompasses friction data, detailed wear quantification, high-quality
surface digitalization, and mass spectrometer analysis of gases generated during tribological tests. The
results reveal that each one of the different lubricant chemistries is conducive to a drastically different
level, and character, of friction and wear behavior. The non-halogenated orthoborate IL formulation shows
extraordinary surface protection compared to the heritage fluids in boundary lubrication, with average
wear volume reductions in excess of an order of magnitude. This indicates a promising potential to
expand the operating conditions of mechanisms before detectable wear occurs. Further research is
needed to comprehensively verify and validate the usability of specific IL formulations for space
lubrication; however, these results suggest that such efforts should be undertaken.

Introduction

Commercial formulations of vacuum-compatible lubricants are limited in diversity. They are mainly drawn
from two chemical families: perfluoropolyethers (PFPEs) and multiply alkylated cyclopentanes (MACS).
Both families have an ample track record of space mechanism qualifications, and their limitations are
known. One shared limitation is that their underlying chemical nature hinders their ability to provide
lubricity and prevent wear in the boundary lubrication regime. This lubrication regime is invariably
encountered in many space-bound machine components that operate under scarce fluid lubrication or at
low speeds [1], such as bearings undergoing oscillatory motions in gimbals [2], where there is no
significant build-up of a hydrodynamic film that may separate the surfaces.

In such boundary conditions, PFPEs react with the steel interfaces and create metallic fluorides that act,
in situ, as a boundary film [3]. These fluorides attack and decompose PFPE molecules, establishing a
catalytic reaction [4] which negatively impacts their effective lubricant life [5]. Mitigating strategies usually
involve passivation of the steel surfaces, using branched Y-type instead of linear Z-type PFPE, and
setting a low ceiling on the contact pressures the lubricant can withstand. Additionally, PFPEs and their
associated solvents are threatened by growing environmental concerns and the advent of new legislation,
which may restrict or fully ban their production and use [6]. MACs, on the other hand, are synthetic
hydrocarbons. As such, they are neither aggressively reacting with the steel surfaces nor inherently
lubricious [7]. MAC lubricity can be improved with the use of additives [8], but this usually implies a
penalty in vapor pressure [1] and requires the careful consideration of additive solubility, volatility, and
eventual depletion. Such palliative measures mitigate these boundary lubrication issues without directly
addressing the bulk chemistry of the lubricant. Their value lies in that incremental progress is obtained
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with bounded uncertainty, but leaps in progress are likely to require the uprooting of the underlying source
of the limitations.

The effectiveness of boundary lubrication relies on thin boundary films, formed on the lubricated surfaces
through complex physicochemical processes governed by the lubricant molecules and their interactions
with the surfaces. The lubricant design process thus relies on the availability of a wide range of molecular
building blocks that allow for the design/selection of species that can readily adsorb at the surfaces and, if
conditions are harsh enough, have degradation pathways that result in the moderated production of
beneficial compounds. lonic liquids (ILs) significantly expand the range of available species. A vast
diversity of cations and anions and their combinations are possible [9]. ILs have several properties
essential in lubrication. Some of them provide outstanding boundary lubrication performance [10-13]. ILs
have also been shown to have low evaporation in vacuum [14, 15], low radiation sensitivity [16], electrical
conductivity [17], as well as large operating temperature windows [18]. These attributes make ionic liquid
design a promising avenue for developing the next generation of space lubricant solutions. Studies on ILs
as space lubricants have already materialized promising results [14, 15, 19-22]. However, the chemical
diversity of ILs poses as much of a tractability challenge as it does an opportunity. In general, most of the
tribological IL research pertains to halogenated ILs. Halogen-containing anions are highly reactive to
moisture. They can undergo hydrolysis, leading to the formation of hydrogen fluoride and other corrosive
byproducts through tribochemical reactions, and compromising the integrity of the lubricated surfaces [9].
Another issue with halogens is the inherent risk of the formation of dangerous substances like
hydrofluoric acid. They are also susceptible to the emergence of the same kind of regulations that
threaten PFPEs. In the present study, we have benchmarked a non-halogenated orthoborate IL lubricant
formulation against two space heritage liquids: one based on multiply alkylated cyclopentane (MAC) and
another on perfluoropolyether (PFPE). The presence of boron in lubricants is known to enhance
tribological performance [23]. The benchmarking encompasses friction data, detailed wear quantification,
high-quality surface digitalization, and mass spectrometer analysis of gases generated during vacuum
tribological tests. This investigation was carried out to probe whether the remarkable boundary lubrication
performance previously demonstrated for non-halogenated orthoborate ILs [10-13] translates into a
vacuum environment.

Materials and Methods

Lubricants

The ionic liquid formulation evaluated in this work consists of a blend of non-halogenated orthoborate
ionic liquids. The reference heritage fluids are a linear perfluoropolyether (Fomblin Z25) and a multiply
alkylated cyclopentane (Pennzane NYE 2001). These reference fluids are in common use as space oils
and are used as provided by the manufacturers.

Test procedure
Experiments were conducted on a pin-on-disc tribometer at Aerospace and Advanced Composites GmbH

in Wiener Neustadt, Austria. The tribometer was placed in a vacuum chamber that enabled ambient
pressure reduction to less than 10 mbar throughout the tests. Steel balls (AISI 52100, 6-mm diameter,
Ra < 0.02 um) were used as pins. Bearing washer rings (WS81106) were used as discs (AISI 52100, Ra
=~0.06 um). Tests were carried out at a constant normal load of 15 N (1.1 GPa mean pressure), sliding
speed of 0.2 m/s for 1750 meters, and temperatures of 40, 100, and 140°C. 20 pl of the lubricant samples
were distributed around the raceway of the disc before the start of each experiment. Outgassing
processes during the tests were analyzed using online mass spectroscopy in selected experiments.
Surfaces were analyzed using a confocal laser scanning microscope (LEXT OLS5100), which allows for
the direct measurement of the wear volume.

Results
Figure 1 shows a summary of the tribological results. Overall, and regardless of temperature, the MAC oil

provides comparatively high and unsteady friction. The PFPE experiences a surprisingly steep decay
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from the starting friction towards a very low friction coefficient (= 0.05). The orthoborate formulation yields
a steady friction coefficient which consistently remains in the vicinity of 0.1. Increases in temperature
worsen the MAC lubricant friction response at the onset of the test. The steepness of the friction decay
with the PFPE is noticeably increased with temperature. For the orthoborate formulation, the temperature
increase does not drastically affect the friction coefficient.

Figure 1: Friction and wear data for pin-on-disc tests at three temperature levels. The lubricants are IL
blend (Blue), MAC (Red), and PFPE (Yellow). Coefficient of friction (CoF) as a function of sliding
distance, wear scar diameters of the balls with dashed line D corresponding to the original Hertzian
contact diameter for reference, and measured wear volumes.

Wear measurements (Figure 1) reveal that, regardless of the temperature level, the PFPE results in the
largest wear volumes, followed in decreasing order by the MAC and then the orthoborate formulation. The
differences between the orthoborate formulation and the reference liquids is large enough to necessitate
the use of a logarithmic scale. For the PFPE, wear is aggravated with increasing temperature. The MAC
only experiences a significant increase in wear at 140°C. The measured wear with orthoborate
formulation increases with temperature at the 100°C level, but again decreases at 140°C. Notice that the
wear scar diameter is not necessarily an accurate indicator of wear volume. Using the wear scar diameter
to estimate volume tends to result in overestimation. Such overestimates would range from 4.5% to 180%
in this data, with errors increasing at small wear volumes, where the effect of elastic recovery is more
pronounced. Figure 2 shows images of the ball specimen wear scars. The images are presented with a
common scaling to immediately communicate the discrepancy in the magnitude of material loss between
the reference liquids and the orthoborate formulation. There is significant diversity in the character of the
wear processes between the different lubricants. Detailed images of the experiments conducted at 100°C
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(Figure 3) reveal that distinct material interactions between the sliding surfaces occur depending on the
lubricant chemistry. A mirror finish of the ball is obtained with PFPE (Figure 3 - top row), where dotted
products of a dark coloration appear to be causing visible scratches to the surface. The severity and scale
of this scratching worsens at 140°C (Figure 2 - top right). Adhesive smearing and plowing characterize
the MAC (Figure 3 - mid row), and the orthoborate formulation results in the deposition of dark and blue
products at the contact patch (Figure 3 - bottom row).

Figure 2: Representative ball specimen wear images for all lubricants at 40, 100 and 140°C.
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Figure 3: Detailed ball specimen wear at 100°C for PFPE, MAC and the orthoborate IL formulation.

Closer inspection of the orthoborate experiments at 40°C (Figure 4 - top row) indicates that the conditions
are not causing the totality of the contact patch to be covered in deposited materials, with only traces of
discolored material at the inlet of the contact. Topographical data (Figure 4 - Top right) shows that these
dark deposits correspond to areas of increased wear depth. At 100°C the contact area of the ball is
almost fully covered in dark patches and some blue products (Figure 4 - middle row). At 140°C the
contact area of the ball is sparsely covered in similar dark patches (Figure 4 - bottom row).
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Figure 4: Ball specimen. Detailed wear scar diameter (WSD) images for the orthoborate formulation.
Colormaps for the height have been corrected by removing the spherical geometry of the specimen via
interpolation and subtraction.
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Examination of the flat surfaces (Figure 5) shows that, with MAC, similar damages occur in the flat
surface as they do in the ball at every temperature. PFPE resulted in mild abrasion of the track but not
nearly substantial enough to do away with the manufactured surface features. Additionally, the surface
has a patchy covering of a shimmering light blue material accompanied by brown products. For the
PFPE, at 140°C, there is an additional presence of brown products towards the periphery of the contact
track, resembling degradation products that have been observed in PFPE lubricated bearings [1]. The
orthoborate IL formulation does not display any sign of surface alterations in the flat at 40 and 140°C, but
the experiment at 100°C shows sparsely packed patches of material deposits.

Figure 5: Flat specimen wear tracks.
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Figure 6 shows the evolution of the residual gas analysis (RGA) data as a function of elapsed time in the
test. Prominent early peaks at 18 and 28 are water and nitrogen respectively, decaying as the vacuum is
improved. Consistent peaks emerging as a product of the tribological process were not detected for any
of the tested lubricants.

Figure 6: Residual gas analysis (RGA) for selected experiments.
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Discussion

Each of the lubricants resulted in remarkably distinct tribological phenomena. The MAC is unable to
sustain a stable friction coefficient in these conditions, despite being a fully formulated product that
contains additives to improve its boundary lubrication properties. The wear scars of both the ball and the
flat display adhesive smearing and plowing, indicating strong metal-to-metal interactions which, in turn,
demonstrate the lack of a coherent and robust boundary film. The high friction peaks at the start of the
test and the seizure-like morphology of the wear scars are reminiscent of previous work [7, 22]. The
PFPE does provide very low friction, yet it does so at the expense of a substantial penalty in wear which,
in appearance, resembles a chemical-mechanical polishing process. This polishing phenomenon is not
unique to this work. It has been imaged before [7] and described as a "metallic luster" [22]. The extent of
the PFPE wear at the higher temperature level is such that the contact pressure can be estimated to have
dropped by about an order of magnitude by the end of the test. Care should be taken when comparing
such results because the integrity of the contact conditions has been altered to such an extent that the
mere comparison of CoF can be misleading, since two different contacts at vastly different pressures may
be evaluated. The observed limitations of heritage fluids in terms of boundary lubrication properties are
substantial and correspond to those reported in previous work for MAC [7, 8, 22] and PFPE [1, 3-5].

In contrast, the orthoborate formulation results in a steady friction coefficient which is consistently near
0.1 and major reductions in wear volume, regardless of temperature level. Comparison of ball wear
volume measurements reveal that the orthoborate yielded wear reductions of roughly 100x at 40°C, 10x
at 100°C, and 150x at 140°C when compared to the PFPE reference. Analogous comparison for the MAC
results in 85x, 7x, and 48x, respectively. Examining the surfaces reveals the deposition and buildup of a
tribologically generated film, particularly evident at 100°C. Previous research with orthoborate ILs has
shown that these liquids have remarkable boundary lubrication properties in an air atmosphere [10-13]
and it appears that the lubrication mechanisms involved are not compromised by the vacuum
environment. Furthermore, these lubrication properties can be tuned by altering the anion [11] and cation
architectures [10]. The lubrication mechanisms of these ILs have been attributed to their ability to strongly
adsorb as a self-assembled layer at the surfaces, and, if conditions are harsh enough, they can
decompose and form protective sacrificial films. The breakdown of the anion is critical for the formation of
such films [10, 11] and its tribochemical breakdown sensitivity can be modified by altering both the core
structure of the anion, as well as its peripheral features [11]. This offers a vast degree of flexibility in
design of the lubricant and its properties, even when dealing exclusively in orthoborate formulations and
especially when considering that blending of different ILs also adds further design freedom. Two strategic
points emerge from the previous considerations: First, since the ionic liquid bulk is the surface-active
component of the lubricant, it represents a lubrication strategy that is, in principle, not susceptible to end
of life by additive depletion. Second, since the sensitivity to tribochemical breakdown in the presence of
steel surfaces can be moderated by modifying the ionic liquid architecture, runaway chemically assisted
wear of the surfaces can be avoided, as it was avoided in this study.

The reduction in wear for the orthoborate IL formulation as the temperature increased from 100 to 140°C
is an interesting phenomenon that requires further experimentation to explain. The lower viscosity
afforded by the higher temperature may ease the displaced lubricant in returning to the contact track
before the next revolution occurs. Increased surface activity of the IL formulation could also be a factor.

There is a lack of consistent emerging peaks in the residual gas analysis (RGA) as the test progressed.
Considering the visual evidence of degradation products that are present at the wear scars for all
lubricants, it may be related to the range of the instrument, which is not registering heavier species, or its
signal-to-noise ratio in conjunction with the duration of the test, and other outgassing products in the
vacuum chamber, which may have precluded detection. Nevertheless, it does indicate that the none of
the lubricants appear to be outgassing significantly during the test.
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Boundary lubrication properties are not the sole parameter by which a lubricant formulation should be
evaluated. Vapor pressure, outgassing, viscosity index, pour point, and many other considerations must
be leveraged according to the demands of the application. The field of space tribology has evolved and
adapted to these limitations of boundary lubrication performance. Nevertheless, it is an aspect where
available fluid lubricant technology is lacking and in which progress has the potential to significantly
expand the operation envelopes of space mechanisms while still meeting stringent wear and friction
criteria during qualification.

Conclusions
e Distinct boundary lubrication mechanisms of MAC, PFPE and an orthoborate IL blend were observed.

e The orthoborate ionic liquid formulation provides steady and low friction (CoF = 0.09 - 0.1) and the
lowest wear in boundary lubrication, regardless of temperature. This formulation resulted in wear
volume reductions of over 88 times when compared to the PFPE lubricant reference, and over 47
times less than the MAC reference, when averaging across all temperatures evaluated.

e Optical evidence of sacrificial tribofilm deposition was obtained for the orthoborate ionic liquid
formulation. These results indicate that the sacrificial boundary lubrication mechanism exhibited by
the orthoborate formulation in harsh tribological conditions can indeed be translated into a vacuum
environment.

e MAC formulation is not inherently lubricious. It displays high and unsteady friction caused by plowing
and adhesive effects.

e PFPE resulted in an aggressive polishing wear mechanism, which provided low friction at the cost of
high wear rates.

e PFPE showed substantial increases in wear with increasing temperature, which hints towards
temperature accelerated chemical reactions that are driving the wear process.

e lonic liquids are versatile in the cation and anion architecture and pairings, but more importantly,
additional design freedom can be achieved by mixing different ionic liquids to enhance performance
flexibility.

e Further research addressing other properties of orthoborate ILs that are relevant to the lubrication of
space mechanisms will be conducted.
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