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ABSTRACT
Lubrication is critical in order to achieve high efficiency and reliability of
machine elements such as gears, bearings, and other moving mechanical
assemblies (MMA). In space applications, tribological properties of
lubricants are quickly growing more important. Traditional space systems
such as satellites imply MMA such as gyroscopes, antenna pointing
mechanisms, and solar array drives. These MMA operate in high vacuum
(<10-5 Pa) under lightly loaded conditions. Modern space missions on the
other hand, such as remotely operated vehicles used for in-situ Mars
exploration relies on different types of MMA. In these robotic systems,
electromechanical actuators are being used extensively to provide controlled
motion. Gears and bearings in these actuators operate in an atmosphere
mainly consisting of CO2 at ~10+3 Pa under heavily loaded contact conditions.
In these conditions, the tribosystem is likely to operate in the boundary
lubricated regime, with consequent risk of high friction and wear.
High molecular weight fluids have significant heritage in space because of
their low vapor pressure. They are currently employed as lubricants in a wide
range of space applications, as they meet high demands on resistance to
vacuum outgassing. Unfortunately, the large molecules are susceptible to
degradation under heavy load.
Ionic liquids (ILs) on the other hand, are synthetic fluids that consist
entirely of ion pairs with opposing charge. The resulting ion bonds enable
inherently low vapor pressure of the fluid without the need for a high
molecular weight. For this reason ILs have been advocated as potential
lubricants for space applications, but so far compatibility issues have
hampered their use as lubricants. Countless IL variations are possible, and
solutions are thus likely to exist. Constituent ions can be designed
individually and combined in various configurations. However, the
fundamental understanding of the lubricating mechanism of ionic liquids is
still incomplete, and consequently the optimum molecular structure for IL
lubricants remain unknown.
In this thesis, a stepwise approach to molecular design of IL lubricants is
described, and the resulting hydrocarbon-mimicking ionic liquids are
evaluated in tribological experiments. In this thesis, the experiments focus on
tribological performance, using steel-steel tribopairs in air environment under
boundary lubrication (Paper I). Boundary film formation under a range of
contact pressures and temperatures, is analyzed after tribotesting by optical
profilometry, scanning electron microscopy (SEM), and energy dispersive Xii

ray spectroscopy (EDS) in Paper II. The analysis reveal formation of a highly
effective boundary film based on silicate, that can be further enhanced by
amine additives. This thesis demonstrates the feasibility of improving
tribological performance of ionic liquids by molecular design.
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APPENDED PAPERS
PAPER I
E. Nyberg, C. Y. Respatiningsih, and I. Minami
“Molecular design of advanced lubricant base fluids: hydrocarbonmimicking ionic liquids,”
RSC Advances, vol. 7, no. 11, pp. 6364–6373, 2017.
Content: This study reports the molecular design and tribological
evaluation of hydrocarbon-mimicking room-temperature ionic liquids
(RTILs), abbreviated as P-SiSO. We strived to combine useful properties
inherent to ionic liquids with a hydrocarbon-mimicking molecular
design. The aim was improved tribological performance while retaining
the inherent benefits of ionic interaction in RTILs.
Author contribution: E.N. performed most of the experiments and
analysis, and wrote the manuscript.

PAPER II
E. Nyberg, J. Mouzon, M. Grahn, and I. Minami
“Formation of Boundary Film from Ionic Liquids Enhanced by
Additives,”
Applied Sciences, vol. 7, no. 5, p. 433, 2017.
Content: This article reports the tribological evaluation supported by
surface analysis of conventional additives in a novel hydrocarbonmimicking ionic liquid (P-SiSO). The boundary film formation of these
novel fluids is analyzed. The results reveal the formation of an effective
boundary film composed of mainly Si and O, that could be further
enhanced by an amine additive.
Author contribution: E.N. performed most of the experiments and
analysis, and wrote the manuscript.
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NOMENCLATURE
AW
BF4
BL
BMIM
CI
EDS
EHL
EP
FFL
FM
HL
HMIL
HMW
HzD
IL
LEO
MAC
ML
MMA
OPP
PF6
PFPE
PNA
P-SiSO
RTIL
SEM
TFSA
WHz
WSD

Anti-wear
Tetrafluoroborate
Boundary lubrication
1-Butyl-3-methylimidazolium
Corrosion inhibitor
Energy dispersive x-ray spectrocsopy
Elasto-hydrodynamic lubrication
Extreme pressure
Full film lubrication
Friction modifier
Hydrodynamic lubrication
Hydrocarbon-mimicking ionic liquid
High molecular weight
Hertz contact diameter
Ionic liquid
Low Earth orbit
Multiply alkylated cyclopentane
Mixed lubrication regime
Moving mechanical assembly
Ortho-phenylene phosphate
Hexafluorophosphate
Perfluoropolyether
N-Phenyl-naphtylamine
Tetraalkylphosphonium trimethylsilylalkylsulfonate
Room temperature ionic liquid
Scanning electron microscopy
Bis(trifluoromethanesulfonyl)amide
Hertzian wear index
Wear scar diameter
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1 INTRODUCTION
1.1 BACKGROUND AND MOTIVATION OF RESEARCH
Lubrication is critical in order to achieve high efficiency and
reliability of machine elements such as gears, bearings, and other moving
mechanical assemblies (MMA). To reduce friction and wear, the ideal
state of lubrication is usually the full film lubricated (FFL) regime where
a thin film of liquid lubricant completely separates the moving surfaces
by hydrodynamic pressure (possibly combined with elastic material
deformation) so that direct contact between the solid surfaces is avoided.
In FFL, wear is minimized by eliminating the main wear modes of
abrasion and adhesion, while friction is limited to the shearing of the
viscous fluid film [3].
Unfortunately, there are many instances where it is not practically
feasible to operate in the FFL regime; for example when the tribological
system is subjected to start-and-stop, high contact pressures, or lubricant
starvation. Harsh operating conditions like these force the tribosystem to
shift lubrication regime from FFL towards the boundary lubrication (BL)
regime [4]. In BL, the normal load is mainly carried by the solid surface
asperities instead of the liquid phase, and therefore specific measures are
required in order to avoid catastrophic levels of friction and wear. Many
decades of empirical research has developed additives that significantly
improve lubricant performance in BL by chemically reacting with the
lubricated surfaces [5]–[7]. In this manner, the surface can be (in-situ)
coated with a protective boundary film. The mechanism of how
boundary films function is still far from clarified; it is a complex
interaction that requires consideration of both mechanical and chemical
effects in highly dynamic conditions. Since the fundamental
understanding of boundary films is lacking, problems arise for
unconventional tribosystems that operate in BL.
As a consequence of new trends in the space industry following the
increased focus on in-situ planetary exploration [8]–[13], requirements
on lubricants are evolving. Traditionally, space tribology implies MMAs
operating on satellites in high vacuum, at relatively steady conditions,
and in absence of gravitational load [14]–[17]. In contrast, modern space
exploration missions, especially surface missions on Mars, rely heavily
on robotic equipment where electromechanical actuators are being used
3

extensively [18]–[23]. Gears and bearings in these actuators must operate
with small amounts of lubricant in highly dynamic contact conditions,
which increases the risk of operation in the BL regime. The lubricants
qualified for use in space however, are generally optimized for low vapor
pressure in order to meet requirements on outgassing in high vacuum
[24]. These synthetic fluids have significantly different chemical
structures compared to traditional lubricants used for similar machinery
on earth, thus excluding the use of conventional additives used to
improve BL performance.
Ionic liquids (ILs) have evolved from molten salts to become
potentially game changing synthetic fluids in many technical
applications; one potential use is as lubricants in demanding applications,
where the non-volatile and highly stable nature of ionic liquids promotes
use in extreme environments. The ILs consist entirely of ion pairs with
opposing charge. Because of the strong ion bonds in these fluids, they
hold inherently low vapor pressure, and for this reason ILs have been
advocated as potential lubricants for space applications since their
inception in tribology in 2001 [25].
After more than a decade of intensive research on ILs, it has been
established that they readily form boundary films that are beneficial to
performance in BL [26]–[28]. This reactivity however is a double-edged
sword, if the reactivity towards the lubricated surface is too high, it can
cause corrosive wear instead of generating a protective boundary film.
Early ILs have been largely based on fluorine anions. While the strong
electronegativity of fluorine is associated with non-measurable vapor
pressure, and excellent thermal stability, it is also responsible for
excessive reactivity in tribological conditions. Also, as with many
synthetic fluids, ILs have generally displayed low compatibility with
existing additive technology due to significantly different chemical
structures compared to the hydrocarbons base oils that additives have
been designed for.
1.1.1 Research objectives
Although the research interest regarding ionic liquids as lubricants has
been increasing sharply over the last 15 years, the fundamental
understanding of the lubricating mechanism of ionic liquids is still
incomplete. Consequently, the optimum molecular structure remains
unknown. Due to the countless variations of possible ionic liquid
structures, stepwise strategic design of the constituent ions is required,
4

as opposed to the more common “trial and error” approach traditionally
used when evaluating lubricants.
This licentiate thesis is part of a PhD project that aims to evaluate the
feasibility of designing ionic liquids as lubricants for extreme
applications, and to investigate their lubrication mechanism.
Specifically, the target is lubricants suitable for heavily loaded
mechanisms operating in the atmosphere of Mars, due to the identified
research gap described.
The first step towards this research objective is presented in this
licentiate thesis; a strategy of molecular design towards high
performance liquid lubricants with extreme environment capability.
These synthetic fluids should ideally have a high degree of compatibility
with existing tribomaterials and additive technologies. The lubrication
mechanism of these novel synthetic fluids is investigated by model scale
tribotesting in air atmosphere, followed by surface analysis of worn
samples.
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2 TRIBOLOGY
Machines, whether traditional or modern, rely heavily on machine
elements such as gears and bearings to enable controlled motion of
moving components. The machine elements in turn rely on lubrication to
enable interface motion without high friction and wear. As inferred from
the photomontage in Figure 1; whether the machine is a wheeled chariot
from three millennia ago, or a modern remote operated vehicle for
planetary exploration, it involves moving parts that rely on lubrication.
Since the functioning of virtually every machine requires adequate
lubrication, one could assume that by now the topic of tribology is well
understood. However, for many reasons this is still far from the case.
Compared to the tallow used as axle-grease in the ancient chariot
described by Dowson [29], [30], modern lubricants have obviously been
developed and improved; however, the complex multidisciplinary nature
of lubricated interfaces has limited much of the development to trial and
error. Emphasis has often been on attaining acceptable performance,
while less focus has been on the fundamental understanding of why and
how the lubricants work. As new requirements and higher demands have
eventually outgrown the empirically found solutions, lubricant engineers
are struggling to design better alternatives.
Since lubricant development has been heavily reliant on empirical
research, it is important to understand the historical background.
Therefore, the first section of this chapter will provide a brief historical
background to the development of lubricants, before describing some of
the key concepts of tribology used in the pursuit of the research
objectives of this thesis.

Figure 1. Examples of vehicles where motion of critical parts rely on lubrication.
Figure is photomontage from images by NASA and archive.org.
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2.1 HISTORICAL EVENTS TOWARDS TRIBOLOGY
As previously mentioned, machinery lubricants have been employed
for at least thousands of years. However, the first recorded experiments
on friction was performed by Leonardo da Vinci in the 15th century. He
was able to deduce what is now known as the laws of friction. However,
his results, such as those seen in Figure 2, were kept in private collections
instead of being distributed publicly. They remained practically
unknown until the 20th century when they were rediscovered. Instead,
Amontons and Coulomb during the 17th and 18th centuries established
what is now known as the laws of dry friction, which state that (I) friction
force is proportional to normal load, and (II) that the force of friction is
independent of the nominal area of contact [29]. At this time, the
lubricants used had not changed much from the days of ancient Egypt,
i.e. animal fats and vegetable oils were still largely relied on [31].

Figure 2. Sketches by Leonardo da Vinci depicting first recorded systematic
investigations on friction.

The pace of progress increased after the industrial revolution; In 1859
Col. Drake drilled the first petroleum oil well in Titusville, Pennsylvania
[32], which marked the starting point for the abundant supply of mineral
oils. These viscous fluids became increasingly important as the theory of
hydrodynamic lubrication was established over the next few decades. In
1883, Towers experiment revealed that effective lubrication of journal
bearings relied on the oil generating significant hydrodynamic pressure,
enough to lift the journal from the bearing seat and thereby separate the
surfaces by a thin film of fluid [33]. This was explained mathematically
a few years later by Osbourne Reynolds as he presented his fundamental
theory of hydrodynamic lubrication [34]. Today, the analogue to a person
7

water-skiing can be made to visualize the principle of hydrodynamic
lubrication. In the following decades, Stribeck and Hersey continued the
work on hydrodynamic lubrication which led to what is now the classic
‘Stribeck curve’ [35]. This curve forms the basis of the concept of
lubrication regimes, and identifies the importance of adequate lubricant
viscosity.
In 1922 Hardy and Doubleday [36], [37] investigated the other major
lubrication regime – boundary lubrication – where hydrodynamic effects
are negligible and solid asperities instead carry the load. They found that
extremely thin films adsorbed on the surfaces had a significant effect on
sliding friction. They concluded that chemical composition of the
lubricant is important in this regime. In the next decades, lubricant
manufacturers began experimenting with dissolving chemicals in oils to
reduce friction and wear. Some very effective lubricant additives where
found by the 1940’s [38]. Bowden and Tabor continued the scientific
study of boundary lubrication in the 1950’s and developed the theory of
adhesive friction [39], [40].
During the 1960’s, the British government requested an oversight of
how industry efficiency could be improved by research related to
friction, wear, and lubrication. This finally led to the coining of the word
‘tribology’ by H Peter Jost in his now famous report [41]. The report
defined the topic of tribology as the science and technology of interacting
surfaces in relative motion. It emphasized the point that scientific studies
of lubrication are highly multidisciplinary, requiring collaborations of
experts in fields of mechanical engineering, chemistry, physics, and
metallurgy – a point that is still very much valid today.

2.2 DEFINITIONS
2.2.1 Definition of tribosystem
The most simplified description of a tribological system includes four
elements: the solid bodies of (at least) two interacting surfaces, the
intermediate layer (lubricant) and the surrounding environment, as
illustrated in Figure 3. These elements must be considered when
analyzing any tribological problem.
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Figure 3. Schematic view of elements in tribological system.

The relevant length scales of a tribosystem can span over many orders
of magnitude. Depending on the specific circumstances, effects on
different length scales dominate. Figure 4 illustrates schematically how
various features that affect the tribosystem performance requires
different length scale resolution in order to be observed. The listed
features are not exhaustive.

Figure 4. Important features observed at different length scales in tribosystem.

2.2.2 Definition of friction
A broad definition of friction states that friction is “the resistance that
one surface or object encounters when moving over another” [42]. The
friction force is the sum of contact friction from the interacting solids as
well as any fluid dynamic friction related to the rheology of a fluid in the
interface [43]. The friction coefficient, µ, is defined as the ratio of the
friction force, Ff , to the applied normal force, FN :
µ=

Ff
FN

9

(1)

The friction coefficient is based on the so called “Amonton’s laws of
friction”, which assumes that (i) friction force is directly proportional to
the applied load, and that (ii) the friction force is independent of the
apparent area of contact [44]. While these statements are true for some
tribosystems under specific conditions, they are by no means
fundamental laws of physics. However, the friction coefficient is still
very much in use, as it is a convenient way of normalizing the friction
force against the often dominant effect of applied normal force.
2.2.3 Definition of wear
Wear is defined by ASTM as “alteration of a solid surface by
progressive loss or progressive displacement of material due to relative
motion between that surface and a contacting substance or substances”
[45]. This definition includes many types of wear that can be divided into
different classes. In this thesis, abrasive, adhesive, and corrosive wear
are important classes. Referring to ASTM standard terminology, these
classes of wear can be defined as [45]:





Abrasive wear, n – Wear due to hard particles or hard
protuberances forced against and moving along a solid surface
Adhesive wear, n – Wear due to localized bonding between
contacting solid surfaces, leading to material transfer between
the two surfaces or loss from either surface.
Corrosive wear, n – Wear in which chemical or electrochemical reaction with the environment is significant.

2.3 LUBRICATION CONCEPTS
2.3.1 Lubrication regimes
The concept of lubrication regimes is one of the most fundamental
concepts in tribology. It is often illustrated by a schematic diagram, such
as the one shown in Figure 5, also known as the Stribeck curve [35]. In
this diagram, it can be seen that friction in a lubricated contact is highly
dependent on a small number of design and operation parameters.
Stribeck’s experiments were originally performed on journal bearings
(i.e. an axle rotating in a bushing). The significance of his results was
that they clearly showed how friction transitioned between two distinct
regimes depending on lubricant viscosity, journal speed, and applied
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load. Hersey plotted the data as a function of a non-dimensional
parameter, H, defined in equation 2:
H=

ηn
p

,

(2)

where η is the fluid dynamic viscosity [Pa ∙ s], n is the journal rotational
speed [s −1 ] , and p is the average pressure [Pa] . Although initially
intended for journal bearings, the principle can be more broadly applied
to any contact having a converging gap. It illustrates the important effects
of viscosity, sliding speed, and load to the regime of lubrication, and also
the non-linear response of friction and wear to a shift in lubrication
regime.
The reason why friction decreases with increasing H is that under
favorable conditions, the hydrodynamic pressure in the fluid builds up to
eventually relieve the surfaces of solid-solid contact. In the design of
bearings and gears, it is very useful to predict when the transition
happens. The height of the generated lubricant film can be calculated
numerically [18], and this can be compared to the average roughness of
the surfaces to estimate the amount of surface separation. The nondimensional film thickness ratio, λ, is thus defined as:
λ=

hmin
2

2

√(Rq,A ) +(Rq,B )

,
(3)

where hmin is the minimum lubricant film thickness [18], and R q,i is the
RMS roughness of surfaces A and B. The ratio λ > 3 is normally
sufficient to ensure full film lubrication, while λ < 1 indicates
significant solid-solid interaction.
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Figure 5. Schematic diagram describing concept of lubrication regimes, known as
Stribeck-curve.

The regimes in the Stribeck curve can be divided into Boundary
Lubrication (BL), Mixed Lubrication (ML), and Hydrodynamic
Lubrication (HL) regimes. In BL where λ < 1, the majority of the load
is carried by solid-solid contact, with consequent risk of high friction and
wear. As the ratio of lubricant film thickness to roughness increase, the
system transitions into ML, where the solid asperities of the surfaces are
still in contact but fluid pressure also becomes significant. In the HL
regime, λ > 3, the fluid pressure is high enough to fully separate the
surfaces from contact by a continuous fluid film. If the geometry of the
contact is non-conformal, the pressure can rise to a sufficiently high
magnitude so that the surfaces deform elastically. In the latter case, the
regime is referred to as elasto-hydrodynamic lubrication (EHL). The
term Full Film Lubrication (FFL) is also sometimes used to indicate the
HL or EHL regimes.
It should be noted that the distinction between ML and BL is
somewhat arbitrary, and it is often impossible to establish in practice. In
ML or BL, the roughness of the surfaces continuously change by the
wear process and by surface boundary films being generated via
chemical reactions. Therefore, in the remainder of this text, the reference
to boundary lubrication will indicate that boundary effects dominate, but
effects of fluid rheology are not automatically disregarded.
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2.3.2 Boundary lubrication
In the analysis of boundary lubricated contacts, it is important to
realize the complexity of tribological surfaces in contact. Figure 6
illustrates important features in the contact between two nominally flat
surfaces. First, contacts that may appear flat on a macroscale are not flat
when viewed in microscale. Secondly, the solids are not homogenous, as
the surfaces has significant variations in both chemical composition and
structure with the depth of the material. These features have important
implications on friction and wear, and alters the role of the lubricant as
compared to full film lubrication.

Figure 6. Schematic view of nominally flat metal surfaces in contact. Arbitrary
dimensions (not to scale).

2.3.2.1 Real area of contact
As illustrated, the surface topography consists of asperities (peaks)
and corresponding valleys. The real area of contact, Ar , is the area where
the solids are really in contact. Its size depends on material hardness and
asperity shape, but for typical engineering materials Ar is only a small
fraction of the apparent area of contact. As mentioned earlier, in this
lubrication regime solid-solid interaction dominates the friction force,
Ff , and therefore, the concept of adhesion and ploughing can explain the
extent of friction, as shown in equation 4.
Ff = Ar τ + Ap P

(4)

The adhesive term is the product of the real area of contact, Ar , and
the shear strength of the surface, τ. The ploughing term is the product of
the projected area of ploughing, Ap , and the mean pressure, P, that is
13

required to plastically displace material. The details can be found in [39].
However, the key points are the following: (i) both adhesion and
ploughing terms are inversely related to the hardness of the solids, as the
hardness dominates the size of both areas. (ii), for hard and smooth
materials where the ploughing term is minimal, the shear stress is directly
proportional to the force of adhesion. These two points imply that a hard,
smooth surface covered by an easily sheared layer is the optimum for
friction reduction.
2.3.2.2 Surface inhomogeneity
Regarding the inhomogeneity; the uppermost layer of the surface
(thickness <1 nm) consists of adsorbed molecules from the surrounding
environment. Beneath the adsorbed layer is a chemically reacted layer
(thickness 10–100 nm), initially consisting of oxides formed by reaction
with oxygen in air. Continuing further into the material, layers have
likely been affected by the manufacturing process; for example, they can
be strain hardened, or annealed. The affected depth depends on the
specific manufacturing process but is likely to be in the micrometer range
[31]. These layers have significant effects on friction and wear, and vice
versa. Oxides are especially critical as they can be considered an inherent
boundary film that prevent material adhesion and the consequent risk of
seizure.
2.3.2.3 Role of lubricant
In BL, fluid rheology is important to friction and wear mainly by
indirect factors. The viscosity is only of minor influence, as
hydrodynamic pressure is insignificant. On the other hand, effective
rheology is important in key lubricant tasks such as heat transfer,
transport of additives, and flushing out wear particles. The most
important role of conventional lubricant fluids in BL however, is the
ability to transport chemically active additives to the surface so that they
can form boundary films.
Lubricants are commonly formulated by adding chemically active
species to the base fluid. These triboimproving additives are usually
classified as friction modifiers (FM), anti-wear (AW), or extreme
pressure (EP), depending on their intended role [46]. Typical FMs reduce
friction by forming closely packed layers of adsorbed molecules. The
molecules consist of polar head groups and lipophilic hydrocarbon tails,
with carbon numbers typically ranging from 12–20. AW additives reacts
14

with surfaces, typically forming robust films that reduce wear. AWs
generally do not reduce friction, in fact they are likely to increase
friction. Finally, EP additives are used to minimize the risk of seizure at
extreme pressure conditions. EP additives react aggressively to surfaces
in a manner that reduces the cohesive strength of the surface. Therefore,
contrary to AWs, EPs actually increase wear when added to base fluids,
but they can be considered as an insurance against the risk of seizure.
Figure 7 explains how additive-surface reactions must be balanced
depending on the operating conditions. Ideally, the boundary film should
be generated at a rate that is in balance with the rate of wear, so that the
boundary film is being continuously replenished [47].

Figure 7. The reactivity of lubricant towards surface should be balanced to achieve
optimum rate of boundary film formation depending on operating conditions.
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3 LUBRICATION IN SPACE ENVIRONMENT
Mechanisms operating in space environment are notoriously
troublesome to lubricate for a number of reasons. The lack of an air
atmosphere has two major implications from a tribological point of view;
first, vacuum causes conventional liquid lubricants to boil already at
ambient temperatures. Secondly, the lack of an oxygen environment
precludes the generation of the important oxide boundary layers
previously discussed. The combination of these factors is problematic,
since the first factor makes the use of fluid film lubrication more difficult,
while the second factor has a very antagonistic effect on boundary
lubrication. Other factors to consider include effects of radiation and
gravity, as well as transient accelerations during launch, landing, or
atmospheric entry. Ionized gases and atomic oxygen can be highly
reactive and are frequently encountered in low earth orbit (LEO).
Furthermore, the poor heat transfer caused by the absence of an
atmosphere can lead to severe thermal conditions. All these mentioned
problems were realized already at the beginning of the space age, and
many of them have by now been studied for more than 50 years [15],
[48], [49].
Still, troubles caused by tribology are frequently encountered. Some
recent examples of this ‘troubology’ include the international space
station (ISS), which has been the subject of a number of spectacular
maintenance efforts. Control moment gyroscopes have been replaced
after suffering unexpected bearing seizures [50], [51], and the failure of
a massive 3.2 m diameter solar array rotary joint bearing required
astronauts to perform mechanical maintenance using spare parts and
lubricant delivered by space shuttle [52]–[54]. However, other than the
ISS, there are few examples of spacecraft where maintenance is possible.
Therefore, tribological issues are recognized as one of the large risk
factors to premature failures in satellites [55], and a number of major
space missions have encountered troubles or close encounters that can
be attributed to “troubology” [56]–[59]. Lubricants and tribology is
therefore a critical topic to reliable space missions.
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3.1 LUBRICANTS USED IN SPACE APPLICATIONS
3.1.1 Note on solid lubricants
Lubrication approaches to counter the adverse effects of space
environment include both solid and fluid lubricants, however, in this
thesis the focus is on liquid lubricants as they are deemed most feasible
for the sliding contacts subjected to high contact pressures identified as
a research gap. Significant efforts have been made to develop solid
lubricants for operations in Mars environment [60], [61]. However, it
seems difficult to overcome the fundamental limitations inherent to this
approach [19], [62], [63]. Sliding contacts at high pressures will
inevitably generate heat at the asperities in contact, and the heat must be
efficiently dissipated in order to avoid overheating and seizure. The low
pressure atmospheres (or vacuum) in space almost eliminates heat
transfer by gas convection. The thermal situation is made worse by the
fact that commonly used metals like titanium-alloys or stainless steels
generally have poor thermal conductivity. In the absence of a liquid
lubricant to cool the contact, the local asperity contact temperature is
therefore likely to rise uncontrolled during continuous operation. Solid
lubricants will therefore have major difficulties in maintaining stable
contact temperatures in sliding contacts subjected to continuous high
pressure, which is in line with recent observations [62].
3.1.2 liquid lubricants
As mentioned previously, conventional liquid lubricants boil and
vaporize in vacuum. For this reason, the liquid lubricants commonly
employed in space applications are almost exclusively limited to the low
vapor pressure fluids perfluoropolyethers (PFPEs) and multiply
alkylated cyclopentanes (MACs) [64]–[67]. These compounds have high
molecular weights for fluids, which is critical to the mechanism of low
vapor pressure.
For a liquid to evaporate or boil, it must undergo a phase change from
liquid to gas. The ability to do so depends on the enthalpy of vaporization
of the substance that in turn depends on the sum of intermolecular forces.
Strong intermolecular forces are thus essential for fluids in vacuum.
The respective strength of intermolecular forces is arranged as
following: Ionic bonds > hydrogen bonds > dipole-dipole interaction>
van der Waals forces. This would indicate that non-polar fluids such as
MACs or PFPEs would have weak intermolecular forces since they rely
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on van der Waals forces. However, van der Waals forces are proportional
to surface area of the molecule, and therefore high molecular weight
(HMW) fluids can generate significant intermolecular force. This is the
principle of how PFPEs and MACs are resistant to vaporization in
vacuum environments.
PFPE was developed more than 50 years ago [68], and has significant
heritage in space [69], [70]. PFPE has outstanding thermal stability, and
extremely low vapor pressure. Despite the heritage, PFPE has some wellknown issues. It is regarded as a very inert fluid, however, in BL
conditions it is known to degrade and release fluorine. The fluorine can
initially be of benefit as it reacts with metal surfaces to provide a
boundary film of iron fluoride, however, the mechanism becomes
autocatalytic and degrades the fluid [71], [72]. It is likely that the large
HMW molecules are subjective to mechanical shearing in BL. As the
molecule is degraded, fluorine is released and reacts with metal to form
the autocatalytic iron fluoride [73]. Additives for PFPE to improve BL
properties have been researched for some time [74], [75], and are still
ongoing [76]. However, if the core issue is mechanical scission of the
HMW molecule it seems difficult to prevent by additives.
MACs on the other hand are synthetic hydrocarbons [77]. As they are
fluorine free, they do not suffer the autocatalytic degradation.
Unfortunately, they do have other issues. As the MACs are pure
hydrocarbons, they are poor boundary lubricants and require additives to
avoid seizure in BL. Additive technology is being researched [78]–[80]
to improve performance in BL. However, MACs also have the inherent
problem of de-wetting caused by high surface tension [81].

3.2 CONSIDERATIONS OF MARS APPLICATION
There are a number of key differences when comparing tribology for
Mars missions to satellites or deep space missions. From a tribological
point of view, the environment of Mars is well known [82]. The
atmospheric pressure on Mars is in the range of approximately 10+3 Pa,
which is less than 1% of the atmospheric pressure on Earth. However, it
is considerably higher than the vacuum encountered by satellites, which
is generally below 10-5 Pa [16]. The atmosphere on Mars consists of 95
% CO2, with Argon and Nitrogen as the other significant gases. As on
Earth, temperature varies with latitude, elevation, and time of year, and
time of day. Ground temperatures frequently measured in exploration
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missions range between approximately -100 and +30 °C [83], and for
that reason electrical heaters are required when using liquid lubricants
[84]. PFPE lubricants are easily able to meet the requirements on
pressure, and have fair low temperature fluidity. For these reasons, PFPE
has been heavily relied on for Mars missions [19], [85]–[87].
As can be seen, there are liquid lubricants that can withstand the
ambient conditions. The major problem however, is the combination of
ambient conditions with the conditions faced in the tribological contact.
Typical MMAs include gears and bearings in electromechanical
actuators. These systems are essential to current and future in-situ
exploration missions that require operations such as drilling into rocks to
retrieve samples, or driving over rough terrain for example. As these
MMAs operate in the Martian gravity of roughly 3.7 m/s2, these
operations have more similarities to MMAs on Earth than MMAs on
satellites. Due to the size and weight constraints inherent to transporting
equipment to Mars, the MMAs are heavily loaded, and operate with
minimal amounts of lubricant. They are therefore more likely to operate
in BL conditions [88].
As mentioned previously, PFPEs suffer autocatalytic degradation in
BL conditions, and are therefore ill-suited for the described type of
MMAs. The diagram in Figure 8 illustrates schematically the relative
importance of performance in boundary lubrication to performance in
vacuum for typical applications on Earth, space (LEO), and Mars.
Clearly, lubricants for Mars applications should compromise between
vapor pressure and BL performance.

Figure 8. Relative importance of boundary lubricating performance and vacuum
performance for lubricating typical MMAs on, Earth, LEO, or Mars.
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4 IONIC LIQUID LUBRICANTS
4.1 BACKGROUND OF IONIC LIQUIDS
Ionic liquids (ILs) are fluids composed entirely of ions; positive
charged cations and negative charged anions are combined in a ratio that
balances the net charge. ILs can therefore be described as salts in the
molten state. There is no formally agreed definition of the term ionic
liquid, and the terms molten salt, fused salt, and room temperature ionic
liquid (RTIL) is sometimes used interchangeably. The distinction
between molten salt and ionic liquid is made at a melting point of 100
°C, so that an ionic liquid is defined to have a melting point below 100
°C while a molten salt has a higher melting point. The term room
temperature ionic liquid is used to emphasize that the melting point is
well below 100 °C, however, as this type of IL has become increasingly
common, the prefix ‘room temperature’ is becoming less widely used.
Regardless of the term, salts in the liquid state have a number of
interesting, unusual, and useful properties compared to common fluids.
The strong ionic bonds reduce the tendency for the fluids to vaporize,
giving the fluid a wide liquid range. This implies that molten salts can
absorb significant heat without increased pressure, and therefore they
were researched as heat transfer media in the early days of nuclear power
[89], [90]. The first example of a molten salt lubricant can be found from
this era, as molten salt mixture was used experimentally in
hydrodynamic bearings [91]. However, as the melting point of this mixed
salt was above 500 °C, the practical applications were few.
In the molten state, the mobility of the ions gives rise to electric
conductivity of the fluid. This led to the development of batteries that
could be thermally activated by pyrotechnics. Wilkes describes how
research was conducted to design salts with lower melting points, which
are precursors to what is today called ionic liquids [92]. The original
molten salts had relatively simple chemical structures; however, the
melting point could be reduced by introducing bulkier ions of
asymmetric structure, as they reduce the Coulombic interactions between
ions and prevent crystallization. On the other hand, the other
intermolecular forces, such as van der Waals, hydrogen bonding, can
become influential [93]. The broad range of intermolecular forces gives
ILs very useful properties as solvents. This implies the possibility of
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tuning the IL towards solubility of selected compounds, and the ability
to catalyze certain reactions. These properties of non-volatility, solubility
and tunability is what led to the real breakthrough in ionic liquids in the
late 1990’s [94]–[97].
Although the synthesis of ionic liquids is outside the scope of this
work, it is appropriate to make a note on how ILs can be synthesized. An
ionic liquid with target cation, C, and target anion, A, can be prepared by
the combination of two different salts by a metathesis reaction. Consider
a halide salt, C–X, and an alkali salt, A–M. These can each be prepared
individually to design C and A. The IL is formed when the salts are
combined. The alkali metal, M, preferentially bonds to the halogen, X,
forming an inorganic salt M–X. The target anion (A) that was originally
bonded to the alkali metal (M) will instead bond to the target cation (C),
resulting in the ionic liquid C–A. The process is described in equation 5.
[C–X] + [M–A] → [C–A] + [M–X]

(5)

Many of the commonly used cations are commercially available as
halide salts, and thus only require the anion exchange and purification
process. In other cases, cations can be formed by quaternization of
amines, phosphines, or sulfides by a well-known route using haloalkanes
[98]. Imidazolium, tetraalkylammonium, and tetraalkylphosphonium are
examples of cations that can be found as commercially available halide
salts at reasonable cost, where only anion exchange reaction is required
to form an ionic liquid [98]. These cations have are thus frequently
reported.

4.2 IONIC LIQUIDS IN TRIBOLOGY
In 2001, Ye et al evaluated non-volatile imidazolium tetrafluoroborate
ILs based on properties such as suitable melting point and viscosity, high
thermal stability, and hygroscopicity for evaluation as lubricant [25]. The
result showed that the IL reduced friction and wear compared to the
reference lubricants. Although the test was performed in air atmosphere,
the choice of PFPE as reference lubricant implied the possibility that ILs
could provide an alternative to the established vacuum lubricants.
The properties inherent to ionic liquids, such as low vapor pressure,
high thermal and chemical stability, and high heat transfer capacity are
very appealing in tribology. Therefore, ILs have garnered significant
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interest for use as advanced lubricants. However, as seen in Figure 9
ionic liquid lubricants is only a small subset of the ionic liquid research
field, and consequently most ILs evaluated were designed for other
purposes than lubrication.

Figure 9. Results of searching the Scopus database with the search term "ionic
liquid(s)", and filtering the results for “tribolog(...) or lubric(...)”.

As explained previously, the IL properties depend on the anion-cation
combination used, and with countless possible combinations it is
possible to design task specific lubricants [99]–[101]. Despite this
immense number of possible ILs, most tribological evaluations have
focused on the relatively small number of anions which are readily
available, such as BF4, PF6, and TFSA [26], [28]. While these fluorinecontaining anions can reduce friction and wear by forming boundary
films composed of metal fluorides, the reactivity is not well balanced;
they have been frequently reported to cause corrosive wear [102]–[104].
As schematically described in Figure 10, attempts have been made to use
corrosion inhibiting (CI) additives in fluorine ILs [105], [106], however
the inherently high reactivity of fluorine species in tribological
conditions remain problematic, much like the case of PFPEs. In contrast,
using conventional fluorine-free hydrocarbon base fluids, the optimum
reactivity to form effective boundary films can be found by adding
increasingly active tribo-improving additives. Unfortunately, the vapor
pressure of conventional hydrocarbon fluids is generally too high to be
acceptable in space applications.
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Figure 10. High reactivity of common ILs compared to hydrocarbons.

In order to reduce the corrosiveness of ILs, the fluorine atom(s) can
be removed; however, further improvements in tribological properties
are required [107], [108].

4.3 POTENTIAL OF DESIGNING IL AS LUBRICANT
In molecular design of any substance, the ultimate goal is to be able
to predict a chemical structure that provides a desired set of material
properties. The design does not necessarily include the route of how the
chemical structure is attained, however, it is useful to limit the number
of possible designs to those that are most practical. This analysis
however, is not included in the scope of this thesis.
Regarding molecular design of lubricants, the effect of chemical
structures on bulk properties such as viscosity, thermal stability and
vapor pressure are well known, especially at ambient conditions [109],
[110]. Regarding boundary lubricants, the situation becomes more
complicated due to the dynamic temperatures, pressures, and mechanical
shearing of molecules. Also, practical lubricants are mixtures of many
active compounds, both intended (different additives) and unintended
(wear particles, contaminants). Even though this is far from ideal
laboratory conditions, empirical research over many decades have
provided some insight into the mechanism of triboimproving additives
[111]–[114]. The correlation between chemical structures and lubricant
performance is still far from complete and is still evolving [115]–[117].
However, the topic of tribochemistry has advanced lubricant
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formulations from trial and error towards a scientific method of testing
hypothesis in a controlled stepwise manner.
For ionic liquids in boundary conditions, the situation is even more
complex. As mentioned earlier, ILs have many types of intermolecular
forces and a slight change in the chemical structure can tip the balance
between these forces. As an example, unexpected crystallization from
some structures have been reported [98]. Still, by employing a stepwise
approach of molecular design, it has been possible to improve the design
of lubricant additives [118]–[120] and potentially also of ionic liquids.
Targeting a low pressure atmosphere in the range of ~1 kPa instead of
the common ultra-high vacuum applications relaxes the demands on
volatility somewhat, and leads to the possibility to focus more on
improving tribological properties.
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5 MATERIALS AND METHODS
5.1 DESIGN OF HYDROCARBON-MIMICKING ILS
The design strategy employed is aiming towards extreme environment
capable synthetic lubricants, with a high degree of compatibility with
existing tribomaterials and additive technologies. The idea is to take
advantage of the inherent benefits provided by the ionic interactions in
ILs, such as low volatility and affinity to metal surfaces. At the same
time, a hydrocarbon-mimicking chemical structures is expected to
produce milder tribochemical reactivity compared to common ILs, and
also to achieve compatibility with performance enhancing additives
designed for hydrocarbon lubricants, as schematically explained in
Figure 11.

Figure 11. Strategy of balanced lubricant–surface reactivity of hydrocarbonmimicking ILs, compared to existing ILs.

Since ILs are prepared by combining cationic and anionic moieties,
each part could be designed individually.
5.1.1 Cation considerations
Of the three cationic moieties primarily used for ILs (1,3dialkylimidazolium, tetraalkylammonium, and tetraalkylphosphonium)
[26], tetraalkylphosphonium has a number of advantages over the others:
 Higher thermo-oxidative stability
 Availability of higher alkyl substituents through a simple
preparative procedure
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The n-alkyl group has a structure analogous to that of friction
modifiers
Metal phosphate boundary film precursor [121]
The presence of higher alkyl groups make the molecules
hydrophobic and increase the hydrocarbon content, in line
with the hydrocarbon-mimicking strategy.

5.1.2 Anion considerations
As for the anionic moiety, fluorine-containing ones are commonly
used. Fluorine is highly electronegative and if incorporated in a molecule,
it stabilizes the negative charge on the molecule and makes the molecule
hydrophobic. Further, it forms strong covalent bonds with other atoms
such as those of carbon, thereby improving the thermo-oxidative stability
of the molecule. It also makes the molecule bulky, as its atomic radius is
higher than that of hydrogen. Owing to these outstanding properties,
fluorine-based anionic moieties are highly suited for use in ILs.
However, as mentioned previously, fluorine also exhibits a significant
disadvantage with respect to tribological applications, in that it can cause
tribo-induced corrosion. One option for replacing halogens is by use of
pseudo-halogen functional groups. This was investigated in 2012 by
Minami et al [107]. The continuation of this work focused on alkyl
oxoacids such as phosphates [122], sulfonates [123], and carboxylates.
The alkyl group in these acids enables the possibility to modify fluid
properites by changing the functional group(s). Trimethylsilylsubstituted alkyl sulfonates are one recent example [124], [125]. Based
on the results of the previous research, trimethylsilylalkylsulfonate was
considered as anion. The structural features of the anion as lubricant are
the following:
 The sulfonate can act as an anchor, allowing the molecule
to be adsorbed on metal surfaces by forming a boundary
film
 The trialkylsilyl group has a structure corresponding to one
with quaternary carbons and can be expected to result in
better rheological properties [126]
 The additional hydrocarbon units present on the silicon
atom induce oleophilic and hydrophobic properties
In addition, the phosphonium cation and trialkylsilyl unit in the anion
makes the molecules bulky; this lowers the glass transition temperature
26

of the resultant ILs. Based on this strategy, several ILs were prepared
from
tetraalkylphosphonium
chloride
and
sodium
trimethylsilylalkylsulfonate, which are commercially available reagents,
by a one-step metathesis process. The intended function of each moiety
is shown in Figure 12.

Figure 12. Expected function of each moiety.

5.2 EXPERIMENTAL PROCEDURE
5.2.1 Lubricant data
The hydrocarbon-mimicking ILs have the chemical formula [(nCαH2α+1)3(n-CβH2β+1)P]·[(CχH2χ+1)3Si(CH2)δSO3] and are designated as PSiSO[α-β][χ-δ]. P-SiSO has been used as base fluid in all experiments.
P-SiSO was synthesized by Nisshinbo Holdings Inc. (Tokyo, Japan).
Low vapor pressure fluids (Fomblin Y) –– designated as PFPEs — were
supplied by Sigma-Aldrich (Stockholm, Sweden) and have been used as
reference lubricant. The linear formula of PFPE is CF3O[–
CF(CF3)CF2O–]x(–CF2O–)yCF3, and it is used in two different viscosity
grades, designated as PFPE-L and PFPE-H. A conventional RTIL, 1butyl-3-methylimidazolium
bis(trifluoromethane-sulfonyl)amide
([BMIM][TFSA]) was used as reference in Paper I. Several additives
have been evaluated in Paper I and Paper II. Two of them are reported in
this summary, and are referred to as PNA (N-Phenyl-1-naphthylamine,
27

reagent grade, 98%) and OPP (Ortho-phenylene phosphate, prepared as
described in Reference [127]). The additives were added at a
concentration of 10 mmol/kg. See Figure 13 for chemical structures.

Figure 13. P-SiSO base fluid and selected additives from Paper II.

5.2.2 Tribotesting
An Optimol SRV tribotester in the ball-on-flat configuration was used
to evaluate the lubrication performance. In accordance with test standard
ASTM D6425-11, a 10 mm ball was pressed against the top of a flat
stationary disc while being subjected to a linearly reciprocating motion
with an amplitude of 1.0 mm and frequency of 50 Hz. The ball and disc
were made of AISI 52100 bearing steel as specified in the test standard.
All the tests were conducted in air, with the relative humidity being ~25–
50%. The test temperature was controlled by heating the disc support.
Three parameters were varied during the tests in this study: normal load,
test temperature, and test duration. These were either held constant
(denoted C) or were varied (denoted V) during the test. The following
code was used to identify the conditions in the various cases: C{P/T/D}
or V{P1–P2/T1–T2/D}, where P, T, and D represent maximum Hertzian
pressure [128], test temperature, and test duration respectively. The
subscript 1 indicates the nominal minimum value, while subscript 2
indicates the nominal maximum value of a parameter being varied during
the test.
5.2.3

Surface analysis

5.2.3.1 Quantification of wear
The degree of wear was quantified by means of wear scar analyses
performed using 3D optical surface profiling by white light
interferometry using a Zygo NewView 7300 instrument (Zygo
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Corporation, Middlefield, CT, USA). In this work, the measured wear
scar diameter (WSD) is reported in relation to the Hertzian contact
diameter (HzD) [128], by a parameter designated as WHz [129], [130].
Furthermore, it was assumed that the wear scar diameter would never be
less than the Hertz contact diameter, since the tests were started from
standstill with a full load applied and therefore the initial contact patch
would inevitably be scratched. Thus, the following condition holds, and
WHz was used to quantify wear:
WHz = WSD/HzD ≥ 1

(6)

5.2.3.2 SEM-EDS analysis
SEM and EDS were used for recording high magnification images and
analyzing the chemical composition of tribofilms, respectively. A low
accelerating voltage of 3 kV was employed to resolve the thin tribofilms
using a Magellan 400 FEG-SEM (FEI Company, Eindhoven, The
Netherlands). The samples were not coated with any conductive coating
prior to inspection. In addition, compositional mapping was performed
by EDS using an X-Max 80 mm2 X-ray detector (Oxford Instruments,
Abingdon, UK). EDS analysis was performed at an accelerating voltage
of 5 kV, which was sufficient to detect the elements contained in the
tribofilms (i.e., C, O, Si, P and S) while limiting beam penetration inside
the steel substrate.
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6 RESULTS AND DISCUSSION
6.1 PERFORMANCE OF NEAT P-SISO
The measured friction coefficient as a function of test duration of PSiSO[4-12][1-2], P-SiSO[4-16][1-2], [BMIM][TFSA], PFPE-L, and
PFPE-H on being subjected to the conditions C{2.1 GPa /25 °C /60 min}
are shown in Figure 14a). In this result from Paper I, the three types of
lubricants can be clearly distinguished; both PFPE reference lubricants
display high and fairly steady friction coefficient (approximately 0.16).
The reference RTIL, [BMIM][TFSA] displays a distinct run-in period
over the first 10 minutes before the friction coefficient stabilizes at
approximately 0.12. The P-SiSO samples can hardly be distinguished
from each other. They both produce very low and steady friction traces
at approximately 0.09.
Contrary to the PFPE references, all RTILs were very effective in
preventing wear and displayed values of WHz ≈ 1.1, which is close to
the theoretical minimum of 1.0. As seen in Figure 14b), the wear scars
of the PFPE lubricated samples are significantly larger in diameter,
corresponding to WHz = 1.27 and WHz = 1.63 respectively for PFPE-H
and PFPE-L.

a)
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b)

Figure 14. Results from test conditions C{2.1 GPa /25 °C /60 min} in Paper I. a)
displays friction traces of P-SiSOs, [BMIM][TFSA] and PFPEs. b) displays differences
in wear scar size and morphology between P-SiSOs and PFPEs.

The effect on friction and wear in response to increasing the applied
load from 100 N to 150 N is shown in Figure 15. The reference fluids
PFPE converge towards µ ≈ 0.15 and WHz ≈ 1.5 while the P-SiSOs
display only minor changes in friction and wear. P-SiSO[4-16][1-2],
having the longer-alkyl-chain cation shows a slight advantage over the
shorter-chain cation P-SiSO[4-12][1-2] in this comparison. It should be
noted that in contrast to mineral oils, the alkyl change lengths in P-SiSO
have an inverse relation to viscosity, meaning that the longer-alkyl-chain
P-SiSO[4-16][1-2] is less viscous than P-SiSO[4-12][1-2]. In relation to
the reference lubricants however, the differences in friction and wear
performance between the various P-SiSO samples can be considered
insignificant. The convergence of the PFPEs at higher load demonstrates
the insignificance of viscosity in these BL conditions.

Figure 15. Results from test conditions C{2.1 GPa /25 °C /60 min} and C{2.4 GPa
/25 °C /60 min} in Paper I. Diagram shows wear index WHz versus friction coefficient
for two P-SiSO samples and two reference PFPEs.
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The friction traces for neat P-SiSO [6-14][1-2], reference lubricant
PFPE-H, as well as a fully formulated gear oil (75W-90 GL-5) at test
conditions V{2.1–3.0 GPa /25 °C /120 min} are shown in Figure 16. This
figure from Paper II clearly show that the GL-5 gear oil performs
significantly better than the PFPE reference lubricant; The displayed
wear scars correspond to 𝑊𝐻𝑧 ≈ 1.75 for the GL-5 compared to 𝑊𝐻𝑧 ≈
2.64 for PFPE. Also, friction is significantly lower when lubricated with
GL-5 compared to PFPE. Since PFPEs are known to perform poorly in
boundary lubricated conditions, this relative performance was expected
[15,29,30]. However, it is notable that the P-SiSO in turn performed
significantly better than the GL-5 in terms of both friction and wear. Two
repeated tests of neat P-SiSO are shown to visualize the repeatability.
The averaged wear index of P-SiSO is WHz = 1.13.
The friction trace produced by the GL-5 gear oil displays the typical
behavior of a conventional formulated lubricant containing EP and AW
additives. EP additives are well-known to provide reduced friction at
high load; however, the boundary film is usually sacrificial and protects
from high friction at the expense of increased wear [133]. Anti-wear
additives on the other hand are normally active at lower loads, where
they prevent wear, but generally increase friction [5]. Notably, the PSiSO in these conditions display a different behavior, with minimal wear
while maintaining a low and relatively steady friction coefficient.

Figure 16. Results from test conditions V{2.1–3.0 GPa /25 °C /120 min} in Paper II
displays friction traces and wear scars of P-SiSO[6-14][1-2], GL-5, and PFPE-H.

The results of neat P-SiSO[6-14][1-2] when provoked by high load as
well as increasingly high temperature can be seen in Figure 17. Three
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repeated tests of the neat P-SiSO subjected to conditions V{3.0 GPa /40–
80 °C /60 min} are shown. As can be seen, at temperatures of 40 °C and
60 °C friction remains low at approximately µ ≈ 0.09. However, as the
test temperature is increased to 80 °C there is a clear shift in lubrication
performance in test #1 and test #3. There is a step increase in friction
from µ ≈ 0.08 to µ ≈ 0.12 . The post test wear scars display wear
indices reaching WHz ≈ 1.96 , and very different morphologies
compared to previous tests where friction remained low throughout the
test. One of the repeated tests, denoted test #2, deviate by appearing to
pass the test cycle without an increase in friction. However, inspecting
the data at higher time resolution reveals a spike in friction near the end
of the test, indicating that a transition is close.

Figure 17.Performance of Neat P-SiSO [6-14][1-2] starts to deteriorate at end of
test V{3.0 GPa /40–80 C /60 min}.

As seen from the previous result, the combination of the highest load
and temperature was detrimental to P-SiSO performance. However,
results from Paper I and Paper II at conditions V{2.1 GPa /25–100 °C
/180 min}, and V{2.4 GPa /40–100 °C /80 min} indicate that
temperatures of up to 100 °C did not cause any deterioration in
performance at contact pressures up to 2.4 GPa. Figure 18 displays the
friction trace and wear scars of neat P-SiSO[6-14][1-2], and as can be
seen friction and wear remains low throughout the test. In fact, in this
case friction is clearly seen to be reduced as the temperature is increased.
This result demonstrates that fluid viscosity is clearly not a significant
parameter in the tested conditions; P-SiSO at 100 °C result in µ ≈ 0.083
and WHz ≈ 1.16 which can be compared to PFPE-H results from Figure
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15 that display µ ≈ 0.15 and WHz ≈ 1.5 when tested at 25 °C. Viscosity
data for P-SiSO is only available at 25 °C and 60 °C, however already at
60 °C the viscosity of P-SiSO[6-14][1-2] is less than 40% of PFPE-H at
room temperature, and extrapolating P-SiSO viscosity to 100 °C would
indicate a viscosity less than 10% of PFPE-H room temperature
viscosity.

Figure 18. Neat P-SiSO performance in terms of friction and wear is excellent at
conditions V{2.4 GPa /40–80 C /60 min}.

6.2 EFFECTIVENESS OF ADDITIVES IN P-SISO
Figure 19 displays the results of P-SiSO with the PNA, the OPP, as
well as PNA in combination with OPP, from Paper II. The test conditions
are V{3.0 GPa /40–80 °C /60 min} which is the same conditions as in
Figure 17 where neat P-SiSO performance started to deteriorate at 80 °C.
As can be seen, the amine (PNA) was effective in preventing the
transitioning to a higher wear and friction mode, whereas OPP on its own
was not effective in these conditions. When using the amine in
combination with OPP the result was also effective lubrication
throughout the test.
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Figure 19. PNA and OPP additives evaluated at V{3.0 GPa /40–80 °C /60 min}
from Paper II. Amine improved performance of P-SiSO at harsh conditions.

In Figure 20a, it is clear that neat P-SiSO was unable to maintain the
effective primary state of lubrication in the most harsh conditions tested,
C{3.0 GPa /80 °C /30 min}. The neat P-SiSO shifted immediately to the
secondary mode of higher friction and wear, whereas the PNA additive
was consistently able to maintain the effective primary mode of
lubrication in these harsh test conditions. The OPP additive performed
better in absence of running in, as seen when comparing these results to
the previous test V{3.0 GPa /40–80 °C /60 min}, whereas the opposite
was true for the combination of PNA+OPP. However, OPP performance
was not as consistent as PNA since transitioning to the secondary
lubrication mode was observed for OPP. The average wear index for neat
P-SiSO was WHz = 2.0, compared to 𝑊𝐻𝑧 = 1.15 for PNA, shown in
Figure 20b).
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a)

b)
Figure 20. Average friction coefficient versus WHz at conditions C{3.0 GPa /80 °C
/30 min} from Paper II. OPP and PNA display significant effect on reducing friction
and wear for P-SiSO at harsh conditions.

6.3 ANALYSIS OF BOUNDARY FILM
In Paper I, the step increase in test temperature during test C{2.1 GPa
/25–100 °C /180 min} was analyzed and found to indicate boundary film
formation. The same analysis also applies to several of the tests in Paper
II. In principle, the analysis show that the rapid increase in temperature
causes an irreversible response in friction coefficient. Rheology effects
cannot explain the decrease in friction, and neither can wear as changes
in surface roughness was non-measurable. Thus, the irreversible
reduction in friction is an indicator of boundary film formation.
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Figure 21..Friction trace indicates boundary film formation, as response to
temperature change is irreversible decrease in friction. .

6.3.1 Primary boundary film of P-SiSO
Images of disc surfaces after testing at V{2.4 GPa /40–100 °C /80
min}. are shown in Figure 22. As emphasized in Figure 22a, the wear
scar was barely visible by the optical interferometric profilometer using
2.5× optical magnification; the measured surface roughness was
approximately the same magnitude as the original lapped surface, i.e.,
around 50 nm Ra. On the other hand, the wear scar can clearly be detected
in the SEM image shown to the right in Figure 22a, When magnification
was increased (Figure 22b), dark patches could be seen to cover parts of
the surface. Using low voltage (5 keV) EDS, the dark patches seen in
Figure 22b was determined to consist of Si and O. Spot analysis of dark
and bright regions can be seen in Figure 22c, the bright regions can be
seen to have reduced level of O as compared to the reference steel outside
the wear track, indicating wear of initial oxide layer. Contrary to our
initial expectation, P or S was not detected on this surface. Both P and S
are commonly used in anti-wear or extreme pressure additives, and P is
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frequently reported as an active element in anti-wear films of ionic
liquids containing phosphorus [121], [134]–[136]. Instead, elevated
levels of Si and O were found in the wear track. As seen in Figure 22bc, Si and O are particularly associated with the dark patches (tribofilm)
on the worn surface.

a)

b)

c)
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Figure 22. Surface analysis of worn discs lubricated by neat P-SiSO at V{2.4 GPa
/40–100 °C /80 min}. a) image of wear scar region from optical profiler and SEM. b)
EDS mapping showing dark patch corresponding to Si+O. c) EDS spectra showing
difference between dark and bright regions.

6.3.2 Transition to secondary boundary film
Figure 23 shows the SEM images and EDS spectra of the worn disc
surfaces from the tribotest with neat P-SiSO at the conditions V{3.0 GPa
/40–80 °C/60 min}. The combined SEM and EDS analysis revealed that
the less worn surface, P-SiSO Neat test #2 (Figure 23a) has a
composition similar to what was previously seen for the test run at V{2.4
GPa/40–100 °C/80 min}; Si and O are found in the tribofilm; and in this
case also S (Figure 23c). Regarding the more severely worn sample
(Figure 23b), the boundary film composition found in the disc wear scar
had changed and P was clearly detected, together with Si, S, and O
(Figure 23c).
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a)

b)

c)
Figure 23.Surface analysis of worn discs lubricated by neat P-SiSO at conditions
V{3.0 GPa/40–80 °C/60 min}. SEM images of disc in primary a) and secondary b)
lubrication mode. c) EDS spectra showing relating boundary film composition to
lubrication mode.

6.3.3 Boundary film growth enhanced by amine additive
SEM images and EDS spectra of the wear track lubricated with PSiSO + PNA added is shown in Figure 24. EDS analysis was performed
on spots both in the center region and at the edge of the wear scar. In the
center region of this effective boundary film, the composition was rich
in the elements related to the silyl-sulfonate anion, i.e., Si, O and S. At
the edge of the wear track, where the contact pressure was lower, only Si
and O were found. P on the other hand, was not detected at all in this
sample, and neither was N, which is an element found in PNA. The anion
seems to be the major contributor to the boundary film, which is in
40

agreement with the literature on ionic liquids [26]–[28]. The addition of
PNA appears to stimulate the formation of the effective Si-O boundary
film, so that coverage is increased. It does not change the composition of
the boundary film compared to what was seen in previous tests of neat
P-SiSO in the primary lubrication state.

a)

b)
Figure 24. Surface analysis of worn discs lubricated by P-SiSO+PNA at conditions
V{3.0 GPa/40–80 °C/60 min}.a) SEM images with corresponding EDS map shows
boundary film rich in Si, O, and S. b) EDS spectra comparing central and edge regions
of boundary film.
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7 SUMMARY AND OUTLOOK
The hydrocarbon-mimicking ionic liquid P-SiSO forms highly
effective boundary films that provide low friction while maintaining low
wear in the conditions tested. These boundary films are unexpectedly
composed of the elements Si and O. The formation of this boundary film
can be stimulated by the addition of an amine additive, so that the
coverage of the film increases. At sufficiently harsh conditions, the PSiSO primary boundary film (composed of Si+O) breaks down and
transitions to secondary boundary film that includes P, as well as Si, S
and O. The secondary boundary film, although much less effective than
the primary, provides significantly lower friction and wear than the
reference PFPE.
P-SiSO provides excellent performance in the conditions evaluated,
which demonstrates the feasibility of improving boundary lubricating
properties of ionic liquids through molecular design. The formation of
silicate type boundary film is a serendipitous finding, as P and S were
expected to be the elements of most importance to boundary film
formation.
It should be noted that a silicate boundary film on its own does not
explain the simultaneously low friction and wear that was observed. One
hypothesis for the mechanism responsible for this result is the formation
of a hybrid type boundary film. In this hypothesis, the silicate boundary
film would provide hardness and wear protection, while another
mechanism is responsible for reducing friction. Two possible
mechanisms that can explain the reduced friction are; either structured
layers of adsorbed IL could provide the easily sheared layer that reduces
friction, or the higher alkyl group of the cation acts in a manner similar
to traditional friction modifier additives.
The tribological testing described in this thesis was performed with
AISI 52100 steel in air environment in order to comply with the stepwise
approach. However, representative environment and materials should be
incorporated in future work. Predicting the interaction between fluid,
environment, and material is challenging. It is likely that the accuracy of
such predictions could be improved by employing computational tools
to evaluate carefully considered hypothesis.
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Erik Nyberg,* Catur Y. Respatiningsih and Ichiro Minami
This paper describes the molecular design and tribological evaluation of novel room-temperature ionic
liquid (RTIL) lubricants, abbreviated as P–SiSOs. The RTILs are designed to mimic hydrocarbons, in order
to ensure their compatibility with existing tribosystems as well as enable use of conventional additives.
Steel-on-steel ball-on-ﬂat reciprocating tribotests performed under atmospheric conditions show that
the neat P–SiSOs exhibit favorable performances, resulting in friction and wear signiﬁcantly lower than
those in the case of the perﬂuoropolyether lubricants used as references. Tribotests performed at
elevated loads and temperatures indicate the formation of friction-reducing boundary ﬁlms of the neat
P–SiSOs. The tribological performance of the P–SiSO is improved further by the incorporation of
Received 20th November 2016
Accepted 6th January 2017
DOI: 10.1039/c6ra27065d
www.rsc.org/advances

additives conventionally used in hydrocarbon oils. When used in a concentration of 5 wt%, the additives
glycerol monooleate, dibenzyl disulﬁde, and oleylamine improve the tribological characteristics of P–
SiSO. These results indicate that molecular-designed hydrocarbon-mimicking RTIL lubricants can exhibit
suitable performances in the neat form and that their performances can be improved further by using
conventional additives, as in the case of hydrocarbon base oil-additive systems.

1. Introduction
Gears, bearings, and other moving mechanical assemblies
require lubrication in order to operate reliably and eﬃciently.
Over the past century, the dominating approach to machinery
lubrication has been based on hydrocarbons. During the same
time period, extensive research eﬀorts have developed frictionand wear-reducing additives that improve the tribological
performance of lubricants.1,2 Conventional hydrocarbon base
uids however, are not able to meet the challenging requirements for operations in extreme environments; therefore,
synthetic alternatives are used. However, synthetic uids oen
have chemical structures that are very diﬀerent from conventional hydrocarbons. This frequently leads to tribosystem
compatibility issues. Also, the synthetic uids struggle to take
advantage of existing additive technology. Room temperature
ionic liquids (RTILs) are a class of synthetic uids that have
garnered much attention recently. As explained below, their
ionic nature leads to many options for molecular design, giving
them high potential as advanced lubricant base uids.
RTILs are composed entirely of cations and anions, forming
salts with melting points lower than room temperature. Since
Division of Machine Elements, Department of Engineering Sciences and Mathematics,
Luleå University of Technology, Luleå SE-97187, Sweden. E-mail: erik.nyberg@ltu.se;
Tel: +46 920 49 1237
† Electronic supplementary information (ESI) available: Lubricant data regarding
5 P–SiSOs, 2 PFPEs, [BMIM][TFSA]. Details of wear volume calculation. Full results
from P–SiSO copper strip immersion test including images. Tribotest results at C
{100 N/25  C/60 min} and C{150 N/25  C/60 min}. See DOI: 10.1039/c6ra27065d
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RTILs are prepared by combining cationic and anionic moieties, millions of combinations with varying properties are
possible.3 Owing to the desirable properties of RTILs, such as
their ionic conductivity, high thermal and chemical stabilities,
and negligibly low vapor pressure, and because of the possibility
of tailoring their properties by using diﬀerent anion–cation
combinations, research interest in RTILs has soared. RTILs can
potentially be used in numerous applications. However, the key
driver for these intense research eﬀorts has been the RTILs
suitability for use as nonvolatile solvents for catalyzed reactions.4 However, several of the properties that make RTILs
attractive replacements for conventional solvents also make
them attractive as advanced lubricants. Thus, in 2001, the rst
tribological evaluation of an RTIL was reported.5 Since then,
there have been numerous studies that have evaluated RTILs for
use as lubricants, and several reviews have been published on
the topic since 2009.6–11
Although most of the RTILs investigated were synthesized
with other applications in mind, research has revealed some of
their properties make them suitable for use as lubricants. For
instance, RTILs are readily adsorbed onto metal surfaces.
Further, under mixed- or boundary-lubricated conditions (i.e.
when the lubricant lm does not fully separate the surfaces and
direct metal–metal contact occurs), the RTILs can react tribochemically to produce protective tribolms on rubbed
surfaces. It is believed that their adsorption is promoted by their
polar nature, while their reactivity can be attributed to the
highly reactive halogens (mainly F) that are present in most of
the anions investigated in tribology.6–8 However, there is a ne
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line between a reactivity that is just suﬃcient and one that is
excessively high. The reactivity should be high enough so that
protective tribolms can be formed; on the other hand, an
excessively high reactivity can lead to corrosive wear. The
optimum reactivity depends on the specic tribosystem in
question and the operating conditions.12,13 Fluorine-containing
RTILs oen display an excessively high reactivity, leading to an
increased risk of corrosive wear.14–16 Although boundary lms of
iron uorides aﬀord physical protection against wear, the
hydrolysis of the uorides leads to corrosion through the
formation of iron hydroxides and iron oxides. Furthermore,
iron uorides are Lewis acids and can catalyze the degradation
of lubricants.17,18
Synthesizing halogen-free RTILs is a step towards reducing
their corrosiveness and increasing the general tribosystem
compatibility. However, the tribological properties of such
RTILs need to be improved further.19,20 In the case of conventional mineral-based oils, the tribological properties can be
tuned by using a base oil that exhibits low reactivity towards
engineering surfaces and by using an additive whose reactivity
is tuned to the operating conditions and materials corresponding to the particular application. However, in the case of
common RTILs, it is not feasible to use this approach, owing to
the high inherent reactivity of the RTILs and given the fact that
most additives are designed for base oils with a chemical
structure similar to that of mineral oils and are therefore
generally not compatible with RTILs.
In this work, RTILs were designed specically for use as base
uids in lubricants. When designing these synthetic lubricants,
we strove to ensure a high content of hydrocarbons, as this is
expected to increase the tribosystem compatibility and reduce
the risk of tribo-induced corrosion. The idea was to ensure that
the structure of the RTILs mimicked that of hydrocarbon
lubricants while ensuring that the desirable properties of the
RTILs remained unaﬀected. Details of the molecular design
process are described in the next section. This is followed by
a description of the results of the evaluation of the tribological
properties of the designed RTILs through reciprocating steelon-steel ball-on-at tribotests.

2.

Molecular design strategy

Since RTILs are prepared by combining cationic and anionic
moieties, each part could be designed (synthesized) individually. Of the three cationic moieties primarily used for RTILs (1,3dialkylimidazolium, tetraalkylammonium, and tetraalkylphosphonium),6 tetraalkylphosphonium has a number of advantages over the others:
 Higher thermo-oxidative stability
 Availability of higher alkyl substituents through a simple
preparative procedure
 The n-alkyl group has a structure analogous to that of
friction modiers
 Metal phosphate boundary lm precursor21
 The presence of higher alkyl groups make the molecules
hydrophobic and increase the hydrocarbon content, in line with
the hydrocarbon-mimicking strategy.

This journal is © The Royal Society of Chemistry 2017

As for the anionic moiety, uorine-containing ones are used
commonly. Fluorine is highly electronegative and if incorporated in a molecule, it stabilizes the negative charge on the
molecule and makes the molecule hydrophobic through the
substituent eﬀect. Further, it forms strong covalent bonds with
other atoms such as those of carbon, thereby improving the
thermo-oxidative stability of the molecule. It also makes the
molecule bulky, as its atomic radius is higher than that of
hydrogen. Owing to these outstanding properties, uorinebased anionic moieties are highly suited for use in RTILs.
However, as mentioned previously, uorine also exhibits
a signicant disadvantage with respect to tribological applications, in that it can cause tribo-induced corrosion. When
considering uorine alternatives that can endow a negative
charge on molecules while also aﬀording tribological benets,
we rst investigated various pseudo-halogen functional
groups.19 Then, in continuation of our previous work, we
focused on alkyl oxoacids such as phosphates,22 sulfonates,23
and carboxylates. The alkyl group in these acids could be
modied by changing the functional group(s). For instance,
trimethylsilyl-substituted alkyl sulfonates have been introduced
recently.24,25 The structural features of the anion as lubricant are
the following:
 The sulfonate can act as an anchor, allowing the molecule
to be adsorbed on metal surfaces by forming a boundary lm
 The trialkylsilyl group has a structure corresponding to one
with quaternary carbons and results in better rheological
properties26
 The additional hydrocarbon units present on the silicon
atom induce oleophilic and hydrophobic properties.
In addition, the phosphonium and trialkylsilyl units make
the molecule bulky; this lowers the glass transition temperature
of the resultant salts (RTILs). Based on this strategy, several
RTILs were prepared from tetraalkylphosphonium chloride and
sodium trimethylsilylalkylsulfonate, which are commercially
available reagents, by a one-step metathesis process. The
intended function of each moiety is shown in Fig. 1.
An alphanumeric code system (shown in Fig. 2) is used to
distinguish between the diﬀerent RTILs based on the tetraalkylphosphonium cation and the trialkylsilylalkylsulfonate
anions. These novel RTILs are composed of the heteroatoms P
(in cation), Si, S, and O (in anion), with various alkyl chains

Fig. 1

Expected function of each moiety.
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Table 1 Physical properties of evaluated lubricants ([BMIM][TFSA] data
from ref. 22)

Fig. 2 Alphanumeric code system employed for identifying the P–
SiSO-type RTILs having alkyl chains with diﬀering carbon numbers.

being attached to them. Therefore, the abbreviation P–SiSO is
used hereaer when referring to these RTILs. This term is
combined with a numeric system representing the carbon
numbers of the alkyl chains. With respect to the cation, three of
the four alkyl groups are the same. Therefore, a denotes the
number of carbon atoms in the three identical alkyl groups,
while b identies the remaining alkyl group. In the case of the
anion, c denotes the three identical alkyl groups (normally
methyl), while the carbon number of the alkene connecting the
Si and S atoms is identied by d. This leads to the alphanumeric
code P–SiSO[a-b][c-d].
Finally, an oleophilic index, IO, is introduced, in order to
quantify the hydrocarbon content in the lubricants. The oleophilic index, IO, is dened as the ratio of the hydrocarbon
content as determined based on the formula weight (see eqn
(1)) and ranges from 0 to 1. In this equation, fw(H–C) is the
formula weight of all hydrocarbons in the lubricant molecule(s),
while fw(tot) is the total formula weight. Further, it was
assumed that the tribosystem compatibility would increase with
an increase in its value.
IO ¼

3.
3.1

fwðH�CÞ
fwðtotÞ

(1)

Experimental
Lubricant properties

Two P–SiSOs were selected for evaluation in terms of the friction,
wear, and corrosion properties: P–SiSO[4-12][1-2] and P–SiSO[416][1-2] (other examples given in the ESI†). Three lubricants
with low vapor pressures were used as the references: the
halogen-containing
RTIL
1-butyl-3-methylimidazolium
bis(triuoromethane-sulfonyl)amide ([BMIM][TFSA]), and two
diﬀerent peruoropolyether (PFPE) uids, referred to as PFPE-L
and PFPE-H. The former displays a low viscosity at room
temperature while the latter show a higher viscosity. The densities, viscosities, and oleophilic index values of the neat uids are
listed in Table 1; their other properties are given in the ESI.†
Three diﬀerent additives were used in a concentration of 5
wt%, with P–SiSO[4-16][1-2] employed as the base uid. There
were glycerol monooleate (GMO), oleylamine (OA), and dibenzyl
disulde (DBDS). Of these, GMO and OA are conventional
organic friction modiers,1 while DBDS has a long history of use
as an antiwear or extreme-pressure additive.27
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Density
[g cm�3]

Viscosity
[mPa s]

Lubricant ID

25 � C

25 � C

60 � C

Oleophilic index
[—]

[BMIM][TFSA]
PFPE-L
PFPE-H
P–SiSO[4-12][1-2]
P–SiSO[4-16][1-2]

1.4
1.9
1.9
0.90
0.91

70a
113
513
2570
1932

22b
—
—
208
269

0.27
0
0
0.75
0.77

a

Extrapolated. b Interpolated.

3.2

Copper strip corrosion test

Polished copper strips were immersed in the P–SiSOs and then
heated for a set period of time, in order to evaluate the corrosion
properties of the P–SiSOs, in keeping with the guidelines of the
ASTM D130-12 copper strip test. This standard uses a visual
guide with four categories (1–4) for classifying the degree of
corrosion, with category 1 corresponding to the lowest degree of
corrosion (“slight tarnish”) and category 4 the highest degree
(“corrosion”). The samples were tested at two temperatures, 150
and 200 � C, for a duration of 3 h each. These conditions were
deliberately chosen to be more severe than the ones used normally (100 � C for 3 h) when evaluating hydraulic uids or
lubricating oils, in order to mimic harsh conditions. PFPE-L
and PFPE-H were used as the reference uids.
3.3

Ball-on-at reciprocating tribotest

An Optimol SRV tribotester in the ball-on-at conguration was
used to evaluate the lubrication performance of the P–SiSOs
with respect to friction and wear. This involved continuously
measuring the friction force and analyzing the post-tribotest
wear scars. In this test, a 10 mm ball was pressed against the
top of a at stationary disc while being subjected to a linearly
reciprocating motion with an amplitude of 1.0 mm and
frequency of 50 Hz. The ball and disc were made of AISI 52100
steel, in keeping with the ASTM D6425-11 standard. All the tests
were conducted in air, with the relative humidity being 25–50%.
Three parameters were varied during the tests in this study: test
duration, normal load, and test temperature (the temperature
was controlled by heating the disc support). Before starting
a test, a small amount of the lubricant being tested was applied
on the disc at the area of contact.

Table 2 Test codes describing the conditions (load, temperature, and
duration) for the tribotests

Test scenario

Test code

(I) Initial screening

C{100 N/25 � C/60 min}
C{150 N/25 � C/60 min}
V{100 N/25–100 � C/180 min}
V{100–300 N/25 � C/150 min}
C{100 N/75 � C/60 min}

(II) Elevated load and temperature
(III) Additive suitability

This journal is © The Royal Society of Chemistry 2017
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Three diﬀerent test settings were used, in order to evaluate
the tribological properties of the lubricants: (I) initial screening,
(II) elevated load and temperature, and (III) additive compatibility. Depending on the objective of the test, the test conditions
were either held constant or were varied during the test. The
following code was used to indicate the conditions used in the
various cases: C{L/T/D} or V{L1–L2/T1–T2/D}, where L, T, and D
represent normal load, test temperature, and test duration
respectively. The subscript 1 indicates the “minimum” value
while 2 indicates the “maximum” value. The settings used for
the various tribotest scenarios are listed in Table 2, while the
details are given below.
The initial screening tests (I) were all conducted at constant
load and room temperature (�25 � C), with the test duration
being 60 min. The load was held at either 100 N or 150 N and
corresponded to a mean Hertzian pressure of 1.4 or 1.6 GPa,
respectively. Therefore, the test conditions were presented as C
{100 N/25 � C/60 min} and C{150 N/25 � C/60 min}, respectively.
In test scenario (II), the lubricants were evaluated by varying
the load or temperature in a stepwise manner. To study the
lubricant response at elevated temperatures, the reciprocating
tribotest was modied to include temperature cycling. The
duration of the temperature cycling test was 180 min. During
this period, the load was held constant at 100 N, as the
temperature was increased in increments of 25 � C at intervals of
30 min, starting from room temperature. Then, 90–120 min into
the test, the temperature was held at the maximum level of
100 � C. Next, the temperature cycle was reversed and the
temperature was decreased in the same increments. Therefore,
the test code for scenario (II) for elevated temperatures was V
{100 N/25–100 � C/180 min}. For elevated loads during scenario
(II), the test duration was 150 min, and the test was conducted
at room temperature. During this time, the load was increased
stepwise in increments of 50 N at intervals of 30 min over the
course of the test. During the nal 30 min of the test, the load
was 300 N, which corresponded to a mean Hertzian pressure of
2.0 GPa. Therefore, the test code for scenario (II) for elevated
loads was V{100–300 N/25 � C/150 min}.
Scenario (III) evaluated the applicability of the various
additives in P–SiSO. A constant load of 100 N was applied for the
entire test duration of 60 min, and the temperature was held
constant at 75 � C to provide a slightly increased rate of reactivity. Thus, the test conditions for this scenario could be represented as C{100 N/75 � C/60 min}.
3.4

Quantication of wear volume

The degree of wear was quantied by means of wear scar
analyses performed using optical proling. The wear volume
was calculated from the average wear scar diameter (WSD).
However, because relatively small wear volumes were expected,
it was assumed that the elastic deformation signicantly
inuenced the results.28–30 Therefore, the wear volume (W) was
dened as the volume of a spherical cap with a base diameter
equal to the average WSD (VWSD), aer the volume of the
material displaced elastically (VHzD) had been subtracted (2).
The latter was determined by a spherical cap with a base equal
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to the Hertzian contact diameter (HzD), which is the contact
patch attributable to elastic deformation.31 Details can be found
in the ESI.†
(2)

W ¼ VWSD � VHzD

4. Results and discussion
4.1

Copper strip corrosion test

As can be seen from Table 3, both of the P–SiSO lubricants
evaluated could be classied as belonging to category 1 (slight
tarnish) when exposed to 150 � C for 3 h, while the PFPE samples
were classied as belonging to category 2b (moderate tarnish).
In the second case, when the temperature was increased to
200 � C, the P–SiSOs were classied as 3a (dark tarnish).
However, at this temperature, owing to the emission of excessive amounts of smoke, the tests on the PFPEs had to be aborted
within the rst 10 min. Therefore, the PFPE samples could not
be classied in the case of elevated temperatures. Regarding the
increase in the degree of tarnishing of the P–SiSO samples, it
should be noted that the diﬀerence between the classications
1a/b and 3a is marginal and that the shi from the classication
“slight tarnish” to “dark tarnish” may be misleading. The key
result to focus on is that none of the evaluated samples caused
corrosion of the copper strips, indicating that the P–SiSOs can
be classied as being noncorrosive to copper. Images of the
exposed copper strips are given in the ESI.†
4.2

Tribological evaluation

4.2.1 Initial screening. The friction traces of P–SiSO[4-12]
[1-2], P–SiSO[4-16][1-2], [BMIM][TFSA], PFPE-L, and PFPE-H on
being subjected to the conditions C{100 N/25 � C/60 min} are
shown in Fig. 3. It can be seen that the friction traces of the
three diﬀerent types of lubricants are distinct; both of the
reference PFPEs display a high and fairly stable friction coeﬃcient (approximately 0.16). Further, the reference RTIL, [BMIM]
[TFSA], shows a distinct run-in period of approximately 10 min
before its friction coeﬃcient stabilizes at approximately 0.12;
this is a signicant improvement over the PFPEs and in line
with the results of previous studies that have compared the
performance of imidazolium RTILs with those of PFPEs.32 On
the other hand, the two P–SiSO lubricants can barely be
distinguished from each other. Both produce very stable friction
traces without uctuations, indicating that they reduced friction to a greater degree than did the other lubricants. Possibly,
the lubrication performance of P–SiSO is benetted by the long
alkyl groups in a manner similar to what has been seen for other
RTILs.3 During repeated testing, P–SiSO[4-16][1-2], which has

Table 3 Corrosion classiﬁcations as determined by ASTM D130-12
copper strip corrosion test

150 � C
200 � C

P–SiSO[4-12][1-2]

P–SiSO[4-16][1-2]

PFPE-L

PFPE-H

1b
3a

1a
3a

2b
Aborted

2b
Aborted
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Fig. 3 Friction traces from initial screening tribotests under conditions C{100 N/25  C/60 min} (a magniﬁed image corresponding to the
running-in period is shown). It can be seen that the friction traces are clearly separated and indicate distinct diﬀerences in the running-in
behaviors.

a longer cation alkyl chain, resulted in lower steady-state friction compared to that in the case of P–SiSO[4-12][1-2]. Further,
both P–SiSOs displayed minimal running-in eﬀects during the
initial 10 min period.
An ideal lubricant should minimize both friction and wear
simultaneously. Fig. 4 shows plots of the ball wear volume
against the mean friction coeﬃcient for the ve lubricants
evaluated under conditions of C{100 N/25  C/60 min}. Every
data point shown represents the average value for a minimum
of two tests. As was seen in Fig. 3 too, the P–SiSOs display the
lowest mean friction coeﬃcient, with the longer-alkyl-chain
cation P–SiSO showing a slight advantage over the shorterchain cation one. With respect to the ball wear volumes, there
is a large spread in the data; PFPE-L results in signicant wear,
while the ionic liquids result in a small degree of wear. Further,
PFPE-H results in considerably higher wear than that in the case
of the P–SiSOs; however, it is not as high as that in the case of
PFPE-L, which has a lower viscosity. It can thus be concluded

that, with respect to friction and wear, the P–SiSOs displayed
excellent performance under the conditions tested.
It should be noted that, at this ball wear scale, a zero ball
wear volume indicates that the WSD is equal to the HzD. All the
ionic liquids tested displayed barely distinguishable wear scars
with diameters only a few percent larger than the Hertz
diameter.
Increasing the load to 150 N had a negligible eﬀect on the
friction coeﬃcients of the PFPE and P–SiSO lubricants. On the
other hand, the eﬀects on the wear volume were much more
noticeable. In the case of PFPE-H, which resulted in a low wear
volume at 100 N, the wear volume increased signicantly at 150
N, as can be seen in Fig. 5. In the case of PFPE-L, which resulted
in high wear even at 100 N, the wear volume increased further at
150 N, although at a slower rate compared to that for PFPE-H.
The P–SiSOs showed similar behaviors, with both resulting in
increased WSDs in the range 10–20% as well as a slight increase
in friction.

Fig. 4 Ball wear volume versus mean friction coeﬃcient as determined by initial screening test under conditions C{100 N/25  C/60
min}. The RTILs provide better lubrication, resulting in lower friction
and wear compared to the evaluated PFPEs.

Fig. 5 Ball wear volume versus mean friction coeﬃcient as determined by initial screening tests under conditions of C{100 N/25  C/60
min} and C{150 N/25  C/60 min}. The P–SiSOs show stable responses
to increased loads, unlike the evaluated PFPEs.
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Wear scars for P–SiSO[4-16][1-2] after evaluation at diﬀerent loads. An increased load leads to a change in the wear scar morphology;
however, in both cases, the wear volume is minimal, as indicative by the WSD being very close to the HzD.

Fig. 6

Although the wear scar diameters in the case of the P–SiSOs
did not change considerably when the load was increased from
100 N to 150 N, the wear scar characteristics did. Fig. 6 shows
the two diﬀerent ball wear scars for P–SiSO[4-16][1-2] when
subjected to tests under the conditions C{100 N/25  C/60 min},
and C{150 N/25  C/60 min}. The corresponding surface topography can be seen in Fig. 7. For a load of 100 N, the wear scar is
dened by a mildly worn surface that includes a few light
scratches along the sliding direction. The diameter of this
mildly worn surface is very close to the Hertzian diameter, as

can be seen in Fig. 6a, indicating that the surface was eﬀectively
protected. For a load of 150 N, the morphology is markedly
diﬀerent. The wear scar is dened by a thin annular groove with
an inner diameter close to the Hertzian diameter and an outer
ellipse that marks the border of the wear scar. Within this
annular shape is a central section with shallow grooves in the
sliding direction, indicating abrasive wear. Possibly, at low
loads, the long alkyl chains in the cation function as friction
modiers, providing a suﬃcient load-carrying capacity to
separate the surfaces, while at slightly higher loads, the

Fig. 7 Surface topography (above) and proﬁlometry (below) of the regions inside the wear scars for P–SiSO[4-16][1-2] after evaluation at
diﬀerent loads. At low load, surface remains very smooth while higher leads to a change in the wear scar morphology.

This journal is © The Royal Society of Chemistry 2017
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phosphonium cation reacts to form metal phosphate boundary
lms.21
4.2.2 Elevated load and temperature. Fig. 8 shows the
results of the reciprocating tribotest with temperature cycling
performed under the conditions V{100 N/25–100  C/180 min}. As
the temperature is increased from one level to the next, the
sample gets heated rapidly, resulting in an overshoot before the
temperature decreases and stabilizes at the programmed level.
The friction response during this period is shown schematically
in the lower part of Fig. 8 and provides important clues regarding
the mechanism of friction reduction in the case of the P–SiSOs.
It can be seen from the data in Fig. 8 that, as the temperature
is increased, the friction also increases initially; this behavior is
typical for a system operating in the mixed lubrication regime.
The friction increases as the lubricant viscosity decreases with
the temperature, and the asperities increasingly come into
contact with each other.33 However, aer the overshoot, once
the temperature and friction traces have plateaued at the programmed level, the friction reduces to a level lower than that
measured at the previous temperature step. This irreversible
decrease in the friction indicates the formation of a low-friction
boundary lm. Thus, elevated temperatures can be expected to
promote boundary lm formation, as a suﬃcient amount of
activation energy for the tribochemical reaction is available at
the higher temperatures.

Paper

The friction response of P–SiSO[4-16][1-2] to elevated loads is
shown in Fig. 9. The applied load was increased every 30 min for
150 min in a stepwise manner, starting at a room temperature,
during a reciprocating tribotest performed under the conditions V{100–300 N/25  C/150 min}. The load was increased in
a stepwise manner (5 s); there was no overshoot beyond the
intended load. As can be seen from the friction trace in Fig. 9a,
the friction coeﬃcient decreases when the load is increased
beyond 150 N. The lowest friction coeﬃcient is observed at 300
N, which corresponds to a mean contact pressure of 2.0 GPa. In
the mixed lubrication regime, an increased load can be expected
to increase the friction, owing to a shi towards the boundary
lubrication regime for two reasons: (i) an increase in the
number of asperities coming in contact because of the
increased contact pressure and (ii) a reduction in the lubricant
viscosity owing to the increased temperature, which also leads
to an increase in the number of asperities coming in contact.
However, increasing the load also increases the likelihood of
tribochemical reactions; the pressure in the contact increase
with higher load, and the higher load also means that more
friction power is dissipated as heat in the contact, as this is
proportional to applied load, friction coeﬃcient and sliding
distance. For these reasons, the higher load may provide the P–
SiSO lubricants the activation energy required for the tribochemical reactions for forming boundary lms, which would

Fig. 8 P–SiSO[4-16][1-2] evaluated by temperature cycling (stepwise increase and subsequent decrease in block temperature) during the
reciprocating tribotest under the conditions V{100 N/25–100  C/180 min}; data shown in (a). The friction response to the temperature increase is
irreversible, indicating the formation of a friction-reducing boundary ﬁlm, as shown schematically in (b).
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Fig. 9 P–SiSO[4-16][1-2] evaluated by increasing the applied load in a stepwise manner during the reciprocating tribotest performed under the
conditions V{100–300 N/25  C/150 min}; data shown in (a). The friction response to the stepwise increase in the load indicates the formation of
a friction-reducing boundary ﬁlm, as shown schematically in (b).

aﬀect the extent of friction. This could explain the observed
reduction in friction. A possible mechanism to explain the
observed resilience against high loads is that higher loads lead
to the initial wear of the native oxide layer, exposing the nascent
metal surface and thereby initiating the tribochemical reactions
of the metal with the phosphonium or sulfonate moieties.
Further, as no indicators of seizure were observed during the
test, it can be concluded that the lubricants exhibited high loadcarrying capacities.
4.2.3 Additive suitability. The friction traces from the additive suitability tribotests are shown in Fig. 10, while Fig. 11
displays the m–W diagram. During the low-load-condition tribotests, which were performed under the condition C{100 N/75

C/60 min}, all three additives evaluated appeared to be eﬀective
in reducing the friction in the case of P–SiSO[4-16][1-2] to a similar
extent. However, as seen in Fig. 11, GMO shows a slightly better
performance in terms of both friction and wear. The eﬀectiveness
of the additives, as determined in this test, can be arranged as
follows: GMO > OA > DBDS. It is likely that the friction modiers
GMO and OA are adsorbed onto the metal surfaces owing to the
polarity of their molecules. DBDS, on the other hand, probably

This journal is © The Royal Society of Chemistry 2017

forms boundary lms containing iron sulde.27 Under the limited
conditions evaluated in this test, it was seen that the additives had
a positive on friction and wear during contact. Furthermore, it was

Fig. 10 Compatibility of additives for use with P–SiSO[4-16][1-2]

evaluated by the reciprocating tribotests performed under conditions
of C{100 N/75  C/60 min}.
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Fig. 11 Ball wear volume versus mean friction coeﬃcient as deter-

mined by tribotests performed to evaluate the suitability of the additives for use with P–SiSO[4-16][1-2] under conditions of C{100 N/75

C/60 min}.

seen that the characteristics of P–SiSOs can be improved by the
use of additives originally developed for mineral-based lubricants,
which is an important property in itself.

5.

Conclusions

The molecular design of P–SiSOs, which are halogen-free RTIL
base uids, based on the concept of hydrocarbon-mimicking is
described in this work. Tribological evaluations of the P–SiSOs
suggested that they reduce friction and wear to signicantly
greater degrees as compared to reference PFPEs, as determined
by steel-on-steel reciprocating tribotests performed under
ambient conditions. Further evaluations of the P–SiSOs indicated
that they show mild tribochemical reactivity. Formation of
friction-reducing boundary lms was indicated at elevated loads
and temperatures, while no sign of corrosion was detected during
tribotesting or static copper strip immersion testing. Finally,
three diﬀerent conventional oil additives were found to reduce
friction and wear when combined with P–SiSO, indicating that it
should be possible to improve their tribological performances as
is the case with hydrocarbon base oil-additive systems.
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14 A. E. Jiménez, M. D. Bermúdez, F. J. Carrión and G. Martı́nezNicolás, Wear, 2006, 261, 347–359.
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Tribol. Lett., 2014, 53, 421–432.
23 L. Pisarova, V. Totolin, C. Gabler, N. Dörr, E. Pittenauer,
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Abstract: Room temperature ionic liquids (RTILs) have several properties that make them interesting
candidates as base fluids for extreme conditions. However, a lack of compatibility with tribo-improving
additives combined with an often overly aggressive nature is limiting their use as base fluids.
To overcome these drawbacks, hydrocarbon-imitating RTIL base fluids have recently been developed.
In this study, the effects of several common additives in the novel RTIL (P-SiSO) were examined by
laboratory tribotesting. A reciprocating steel-steel ball-on-flat setup in an air atmosphere was used,
where the lubricant performance was evaluated over a range of loads and temperatures. Surface
analyses after testing were carried out using optical profilometry, scanning electron microscopy (SEM),
and energy dispersive X-ray spectroscopy (EDS). Neat P-SiSO displayed high performance in the
tribotests. At an elevated load and temperature, a shift in lubrication mode was observed with an
accompanying increase in friction and wear. Surface analysis revealed a boundary film rich in Si and O
in the primary lubrication mode, while P was detected after a shift to the secondary lubrication mode.
An amine additive was effective in reducing wear and friction under harsh conditions. The amine
was determined to increase formation of the protective Si–O film, presumably by enhancing the
anion activity.
Keywords: boundary lubrication; friction modification; wear prevention; RTIL; synthetic lubricant;
surface morphology; surface chemistry; trimethylsilyl; alkylsulfonate; tribology

1. Introduction
Lubricants enable the efficient and reliable operation of moving mechanical assemblies by reducing
friction and wear. Ideally, a lubricant film fully separates the moving surfaces so that wear is minimized
and friction is limited to shearing of the viscous film. Unfortunately, there are many cases where the fluid
film cannot be maintained and the asperities of the surfaces come into direct contact (i.e., the system
operates in the mixed or boundary lubrication regime). To avoid excessive wear in these regimes, wear
and friction reducing additives are required.
The past century has seen the development of an extensive set of lubricant additives that can
significantly improve the tribological performance of hydrocarbon oils in combination with steel
surfaces [1,2]. Predicting additive effectiveness; however, is very complex. The additive performance
is well known to be dependent on the entire tribosystem, meaning that the effect of base fluids, surface
materials, and operating conditions all must be considered [3]. Our understanding of tribo-improving
additives is still evolving, and significant clues on the mechanisms of these are still being uncovered [4,5].
Boundary lubrication (BL) additives are generally categorized as extreme pressure (EP) or
anti-wear (AW) additives and form boundary films by adsorption on metal surfaces followed by
Appl. Sci. 2017, 7, 433; doi:10.3390/app7050433
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chemical reaction [6]. AW films form a protective film that shields the underlying surface, whereas
sacrificial EP films can actually increase wear, but are used to prevent catastrophic seizure [3].
The mechanism of film formation implies that two rates must be controlled: first, the rate of adsorption
onto the surface; and second, the rate of formation of the reacted films, which must be balanced
in accordance to the operational conditions faced [7]. To correctly balance both rates in practical
applications is a challenging task that is further complicated by interference between different additives,
as well as the influence of the base fluid quality. Therefore, arriving at successful lubricant formulations
(base oil and additive combination) has been largely empirical in nature.
Synthetic base fluids are increasingly being relied upon to meet requirements of low volatility
and thermal stability; however, the additive technology developed for hydrocarbon base fluids is not
necessarily applicable due to the significant difference in chemical structure between the traditional
hydrocarbon base fluids and the novel advanced synthetic fluids. In many cases, the conventional
additives are not miscible [8,9]. In other cases, if the base fluid is very polar, miscibility may become
excessive, resulting in a low affinity for the metal surfaces it should protect [10].
Room temperature ionic liquids (RTILs) are a class of advanced synthetic fluids that are highly
polar as the fluids consist entirely of cations and anions [11–14]. These fluids were first suggested
as advanced lubricating fluids in 2001 in Reference [15]. As described in Reference [16], they have
been intensely researched in many fields, including tribology, over the past two decades. The ionic
nature means that RTILs readily adsorb on metal surfaces and under tribological conditions can
form boundary films, even as neat fluids [17,18]. However, as mentioned above, optimum reactivity
depends on the entire tribosystem, and even though RTIL properties can be tailored by modifying
their chemical structure, this is inefficient compared to the approach of base fluid–additive systems.
Additives provide the option to fine tune lubricant performance to meet the demands of specific
operational conditions without redesigning the base fluid. There have been many attempts with
both conventional and unconventional additives for RTILs [19–23], but inherently high reactivity
remains problematic. However, in our recent work, hydrocarbon-mimicking ionic liquids have been
designed for use as base fluids to reduce the inherent reactivity and enable compatibility with existing
additives [24].
In this work, additive technology for RTILs was investigated by use of a hydrocarbon-mimicking
ionic liquid in a reciprocating steel–steel ball-on-flat tribotest. In our previous work [24], it was
found that neat RTIL lubricants—designated as P-SiSO—showed low friction and wear in this type
of tribotest, at 25 ◦ C and maximum Hertz pressure up to 2.4 GPa. Friction performance was seen to
remain low and steady for elevated loads up to 3.0 GPa at 25 ◦ C, and common lubricant additives
were seen to influence friction; however, no surface analysis was performed at elevated loads or for
the additivated samples, so the effect on wear was not determined. Therefore, in this study, surface
analysis post-testing were carried out by optical profilometry, scanning electron microscopy (SEM),
and energy dispersive X-ray spectroscopy (EDS). The first objective was to determine the limits of the
operational envelope, i.e., at what conditions in this tribotest does the tribological performance of neat
P-SiSO deteriorate so that low friction and wear can no longer be maintained. The second objective
was to investigate the effect of additives on extending the operational envelope of P-SiSO.
2. Materials and Methods
2.1. Lubricant Properties
A hydrocarbon-mimicking RTIL with the chemical formula [(n-C6 H13 )3 (n-C14 H29 )P]·
[(CH3 )3 SiC2 H4 SO3 ]—designated as P-SiSO—was used as the base fluid in these experiments. P-SiSO
was synthesized by Nisshinbo Holdings Inc. (Tokyo, Japan), and the molecular design of P-SiSO has
been described in Reference [24]. A low vapor pressure fluid (Fomblin Y 317950)—designated as
PFPE—was supplied by Sigma-Aldrich (Stockholm, Sweden) and used as the reference lubricant.
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The linear formula of PFPE is CF3 O[–CF(CF3 )CF2 O–]x (–CF2 O–)y CF3 , and its molecular weight
is 3300 g/mol.
Five different additives were used, and are referred to as OA, PNA, DMOP, BHT, and OPP,
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respective
detailed description is provided below. Oleylamine (OA) (80–90% C-18, primary
amines >98%), was supplied by Fisher Scientific (Göteborg, Sweden); and N-Phenyl-1-naphthylamine
(reagent
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2.2. Ball-on-Flat Reciprocating Tribotest
2.2. Ball-on-Flat Reciprocating Tribotest
An Optimol SRV tribotester in the ball-on-flat configuration was used to evaluate the lubrication
An Optimol SRV tribotester in the ball-on-flat configuration was used to evaluate the lubrication
performance of the lubricant samples with respect to friction and wear. This involved continuously
performance of the lubricant samples with respect to friction and wear. This involved continuously
measuring the friction force and analyzing the post-tribotest wear scars, along the lines of the standard
measuring the friction force and analyzing the post-tribotest wear scars, along the lines of the standard
tribotest ASTM D6425-11. In accordance with the test standard, a 10 mm ball was pressed against the
tribotest ASTM D6425-11. In accordance with the test standard, a 10 mm ball was pressed against the
top of a flat stationary disc while being subjected to a linearly reciprocating motion with an amplitude
top of a flat stationary disc while being subjected to a linearly reciprocating motion with an amplitude
of 1.0 mm and frequency of 50 Hz. Prior to starting a test, a small amount of the lubricant being tested
of 1.0 mm and frequency of 50 Hz. Prior to starting a test, a small amount of the lubricant being tested
was applied onto the disc at the area of contact. The ball and disc were made of the AISI 52100 bearing
was applied onto the disc at the area of contact. The ball and disc were made of the AISI 52100 bearing
steel as specified in the test standard. All the tests were conducted in air, with the relative humidity
steel as specified in the test standard. All the tests were conducted in air, with the relative humidity
being ~25%. The test temperature was controlled by heating the disc support.
being ~25%. The test temperature was controlled by heating the disc support.
Three parameters were varied during the tests in this study: normal load, test temperature, and
Three parameters were varied during the tests in this study: normal load, test temperature,
test duration, denoted by L (N), T (°C),◦ and D (min) respectively. These were either held constant
and test duration, denoted by L (N), T ( C), and D (min) respectively. These were either held constant
(denoted C) or were varied (denoted V) during the test. The following code was used to indicate the
(denoted C) or were varied (denoted V) during the test. The following code was used to indicate the
conditions in the various cases: C{L/T/D} or V{L1–L2/T1–T2/D}, where the subscript 1 indicates the
conditions in the various cases: C{L/T/D} or V{L1 –L2 /T1 –T2 /D}, where the subscript 1 indicates the
nominal minimum value, while subscript 2 indicates the nominal maximum value of a parameter being
nominal minimum value, while subscript 2 indicates the nominal maximum value of a parameter
varied during the test. Tests performed at different conditions were classified into two sections:
being varied during the test. Tests performed at different conditions were classified into two sections:
(1) determining a performance envelope of neat P-SiSO; and (2) determining the effect of the additives
(1) determining a performance envelope of neat P-SiSO; and (2) determining the effect of the additives
on P-SiSO performance.
on P-SiSO performance.
To determine the limits of the operational envelope when using neat P-SiSO, three tests were
To determine the limits of the operational envelope when using neat P-SiSO, three tests were
made (Stage 1). These tests used varying loads and temperatures in a manner similar to experiments
made (Stage 1). These tests used varying loads and temperatures in a manner similar to experiments
in Reference [24], but with a focus on surface analysis as well as friction response. In the first test,
in Reference [24], but with a focus on surface analysis as well as friction response. In the first test,
V{100–300 N/25 °C/120
min}, the lubricant was evaluated by increasing the load in increments from
V{100–300 N/25 ◦ C/120 min}, the lubricant was evaluated by increasing the load in increments
100 N to 300 N (corresponding to maximum Hertzian pressures of 2.1–3.0 GPa), at constant temperature,
for a total test duration of 120 min. In the second test the temperature was increased stepwise at
constant load V{150 N/40–100 °C/80 min}, and finally the temperature was increased stepwise at the
maximum load of 300 N, i.e., V{300 N/40–80 °C/60 min}.
The additives were evaluated by three different test settings in Stage 2. The first of them,
C{150 N/25 °C/30 min} can be considered as the initial screening of the additives. This test was
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from 100 N to 300 N (corresponding to maximum Hertzian pressures of 2.1–3.0 GPa), at constant
temperature, for a total test duration of 120 min. In the second test the temperature was increased
stepwise at constant load V{150 N/40–100 ◦ C/80 min}, and finally the temperature was increased
stepwise at the maximum load of 300 N, i.e., V{300 N/40–80 ◦ C/60 min}.
The additives were evaluated by three different test settings in Stage 2. The first of them,
C{150 N/25 ◦ C/30 min} can be considered as the initial screening of the additives. This test was
conducted at constant load and room temperature (~25 ◦ C), with the test duration being 30 min in length.
The load was held constant at 150 N, corresponding to a maximum Hertzian pressure of 2.4 GPa. In the
second test and third tests, the conditions were more severe using conditions V{300 N/40–80 ◦ C/60 min}
and C{300 N/80 ◦ C/30 min}. The test codes and objectives are summarized in Table 1.
Table 1. Test codes describing conditions (load, temperature, duration) corresponding to the different
tribotest stages.
Test Stage and Objective

Test Code

Stage 1: Determine limit of operational envelope of neat P-SiSO

V{100–300 N/25 ◦ C/120 min}
V{150 N/40–100 ◦ C/80 min}
V{300 N/40–80 ◦ C/60 min}

Stage 2: Determine effect of additives in P-SiSO

C{150 N/25 ◦ C/30 min}
V{300 N/40–80 ◦ C/60 min}
C{300 N/80 ◦ C/30 min}

2.3. Surface Analysis
2.3.1. Quantification of Wear
The degree of wear was quantified by means of wear scar analyses performed using 3D optical
surface profiling by white light interferometry using a Zygo NewView 7300 instrument (Zygo Corporation,
Middlefield, CT, USA). In this work, the measured wear scar diameter (WSD) is reported in relation to
the Hertzian contact diameter (HzD) [26], by a parameter designated as WHz [27]. Furthermore, it was
assumed that the wear scar diameter would never be less than the Hertz contact diameter, since the
tests were started from standstill with a full load applied and therefore the initial contact patch would
inevitably be scratched. Thus, the following condition holds, and WHz was used to quantify wear:
WHz = WSD/HzD ≥ 1

(1)

2.3.2. SEM-EDS
SEM and EDS were used for recording high magnification images and analyzing the chemical
composition of tribofilms, respectively. A low accelerating voltage of 3 kV was employed to resolve
the thin tribofilms using a Magellan 400 FEG-SEM (FEI Company, Eindhoven, The Netherlands).
The samples were not coated with any conductive coating prior to inspection. In addition, compositional
mapping was performed by EDS using an X-Max 80 mm2 X-ray detector (Oxford Instruments,
Abingdon, UK). EDS analysis was performed at an accelerating voltage of 5 kV, which was sufficient to
detect the elements contained in the tribofilms (i.e., C, O, Si, P and S) while limiting beam penetration
inside the steel substrate.
3. Results and Discussion
3.1. Stage 1: Limits of Operational Envelope of Neat P-SiSO
The measured friction coefficient as a function of test duration for neat P-SiSO, the reference
lubricant PFPE, as well as a GL-5 fully formulated gear oil (see SI for details) at test conditions
V{100–300 N/25 ◦ C/120 min} are shown in Figure 2. Two test runs of P-SiSO are shown to visualize
repeatability. The GL-5 gear oil is seen to follow the typical behavior expected for traditional lubricants
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containing EP and AW additives. EP additives are well-known to provide reduced friction at high load;
however, this usually comes at the expense of increased wear [28]. In contrast, the anti-wear additives
are normally active at lower loads, where they prevent wear, but generally increase friction [2]. The neat
P-SiSO generates a low and steady friction coefficient that decreases with increased load. Furthermore,
at the maximum load (corresponding to a Hertzian contact pressure of 3.0 GPa), the friction coefficient
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When comparing the ball wear scar morphology to the ones obtained from tests at a higher load but
lower temperature (V{100–300 N/25 ◦ C/120 min}), a slight difference in intensity of the reflected light
was seen.
Images of the disc surfaces after testing at V{150 N/40–100 ◦ C/80 min} are shown in Figure 4.
Figure 4a was recorded from the optical interferometric profilometer using 2.5× optical magnification.
The wear scar is barely distinguishable, and the measured surface roughness was approximately the
same magnitude as the original lapped surface, i.e., around 50 nm Ra . In the SEM image (Figure 4b),
the wear scar can clearly be detected. When magnification was increased (Figure 4c), dark patches
can be seen covering parts of the surface. Using low voltage (5 keV) EDS, the dark patches seen
in Figure 4c was determined to contain Si and O, as seen in Figure 4d,e, respectively. Contrary to
our initial expectation, P or S was not detected on this surface. Both P and S are commonly used in
anti-wear or extreme pressure additives, and P is frequently reported as an active element in anti-wear
Figure 3. Results of V{150 N/40–100 °C/80 min} for two repeated tests with neat P-SiSO. Ball wear
scars are shown as insets to the right.

are displayed in Figure 3. Two repeated tests are shown to illustrate the repeatability. Again for
P-SiSO, friction and wear remained low for the whole duration of the test, and reached a minimum
at the final stage. It can be clearly seen that there is an overshoot in temperature at each step increase.
However, it should be noted that the temperature is measure in the heated disc support, so the effect in
the actual contact can be expected to be lower. Still, an effect can be seen where the friction immediately
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Images of the disc surfaces after testing at V{150 N/40–100 °C/80 min} are shown in Figure 4.
Figure 4a was recorded from the optical interferometric profilometer using 2.5× optical magnification.
The wear scar is barely distinguishable, and the measured surface roughness was approximately the
same magnitude as the original lapped surface, i.e., around 50 nm Ra. In the SEM image (Figure 4b),
the wear scar can clearly be detected. When magnification was increased (Figure 4c), dark patches can
be seen covering parts of the surface. Using low voltage (5 keV) EDS, the dark patches seen in Figure 4c
was determined to contain Si and O, as seen in Figure 4d,e, respectively. Contrary to our initial
expectation, P or S was not detected on this surface. Both P and S are commonly used in anti-wear or
extreme pressure additives, and P is frequently reported as an active element in anti-wear films of
ionic liquids containing phosphorus [18,31–33].
Instead, elevated levels of Si and O were found in the
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Figure 4. Disc surface after tribotesting at V{150 N/40–100 °C/80 min}, seen from (a) optical profilometer;
Figure 4. Disc surface after tribotesting at V{150 N/40–100 ◦ C/80 min}, seen from (a) optical
and (b) SEM. (a) the roughness inside wear scar can be seen to be of the same order of magnitude as
profilometer; and (b) SEM. (a) the roughness inside wear scar can be seen to be of the same order of
the original lapped surface; (b) dark patches in the wear track indicate tribofilm; (c) SEM (scanning
magnitude as the original lapped surface; (b) dark patches in the wear track indicate tribofilm; (c) SEM
electron microscopy) image of a representative area of tribofilm at 5000x magnification; (d,e) EDS
(scanning
microscopy)
image ofmaps
a representative
area of tribofilm
at 5000xinmagnification;
(energyelectron
dispersive
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showing the distribution
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EDS (energy
in (c). dispersive X-ray spectroscopy) maps showing the distribution of the elements in the

area shown in (c).
Figure 5 shows the results for three repeated tribotests with neat P-SiSO at the conditions
V{300 N/40–80 °C/60 min}. As can be seen in Figure 5a, the friction trace was steady at lower
Figure 5 shows the results for three repeated tribotests with neat P-SiSO at the conditions
temperatures (averaging 0.89 at 40 °C), which was expected considering the results presented in
V{300 N/40–80 ◦ C/60 min}. As can be seen in Figure 5a, the friction trace was steady at lower
Figure 2. However, an abrupt change
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The corresponding ball wear scars are displayed in the insets of Figure 5a and the resulting wear
parameters were determined as ��� = 1.96, 1.30, and 1.97, respectively. All wear scars showed
significantly different wear scar morphologies compared to previous tests where low friction was
maintained throughout: these ball surfaces were clearly abraded and showed higher than average
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throughout the test. However, each data point (Figure 5a) is the averaged friction coefficient over
15 s, and examining the friction trace at a higher resolution (15.4 Hz) (Figure 5b) revealed that test
#2 also displayed a distinct friction spike during the final minute of the test, indicating a partial
seizure. The corresponding ball wear scars are displayed in the insets of Figure 5a and the resulting
wear parameters were determined as WHz = 1.96, 1.30, and 1.97, respectively. All wear scars showed
significantly different wear scar morphologies compared to previous tests where low friction was
Appl. Sci.
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Figure 6 shows the SEM images and EDS spectra of the worn disc surfaces from the tribotest
with neat P-SiSO at the conditions V{300 N/40–80 °C/60 min}. The combined SEM and EDS analysis
Figure
6 shows the SEM images and EDS spectra of the worn disc surfaces from the tribotest
revealed that the less worn surface, P-SiSO Neat test #2 (Figure 6a) has a composition similar to what
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film composition found in the disc wear scar changed and P was clearly detected, together with Si, S,
O, and C (Figure 6c).
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(a)
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Figure 6. Analysis of disc surfaces from V{300 N/40–80 °C /60 min}. (a) and (b) display SEM images
Figure 6. Analysis of disc surfaces from V{300 N/40–80 ◦ C /60 min}. (a) and (b) display SEM
showing the tribofilms on the wear tracks for tests #2 and #1 respectively. (c) EDS spectra of
images showing the tribofilms on the wear tracks for tests #2 and #1 respectively. (c) EDS spectra of
representative regions of the wear scars shown in (a) and (b).

representative regions of the wear scars shown in (a) and (b).
3.2. Stage 2: Effect of Additives in P-SiSO
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As seen◦ in Figure 7a, the P-SiSO in neat form, as well as with all evaluated additive combinations
C{150 N/25 C/30 min} are shown in Figure 7. Two repeated tests are shown for each lubricant sample.
performed significantly better than the reference PFPE in terms of friction. In Figure 7b, the vertical
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The inset figures (also found in SI) display the wear scars of the balls lubricated with neat
performed significantly better than the reference PFPE fluid in terms of wear, which was in line with
P-SiSO, reference PFPE, and P-SiSO + PNA + OPP, which was the additive combination that produced
our previous results using similar RTILs [24]. Although the additives appear to influence the wear scar
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to quantify the change in tribological performance in terms of wear with high accuracy. The reason
for this is that at these conditions, the neat P-SiSO displays WHz = 1.11, which is already close to
the theoretically minimum value of WHz = 1, as given in Equation (1), and it is therefore difficult to
improve upon.
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SEM images and EDS spectra of the wear track lubricated with P-SiSO + PNA added is shown in
Figure 10. EDS analysis was performed on spots both in the center region and at the edge of the wear
scar. In the center region of this effective boundary film, the composition was rich in the elements
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4. Conclusions
Based on the work reported in this paper, the following conclusions can be drawn. (1) P-SiSO
forms tribologically beneficial boundary films in the conditions evaluated; (2) The elements that
contributed to the boundary film in the best performing sample correspond to the elements of the
anion: Si, S and O. Unexpectedly, Si and O are the most predominant; (3) P-SiSO displayed two distinct
lubrication modes: initially low friction and wear, while under increasingly harsh conditions, neat
P-SiSO undergoes a shift to a second lubrication mode that is characterized by a transition period of
increased friction and wear, followed by lubrication at steady friction that is higher than before the shift;
(4) After transitioning to the second lubrication mode (with higher friction and wear), the boundary
film composition changes to include P, indicating that the cation also reacts with the surface under
harsh conditions; (5) The amine type additive PNA (N-Phenyl-1-naphthylamine) successfully prevents
wear and reduces friction at elevated loads and temperatures. Therefore, the additive extends the
envelope of the optimum lubrication mode of P-SiSO; (6) PNA, as an additive to P-SiSO, promotes the
formation of a boundary film composed of Si and O, most likely by an ion exchange that promotes the
reactivity of the trimethylsilyl alkylsulfonate anion towards the steel surface.
Supplementary Materials: Supplementary materials are available online at http://www.mdpi.com/2076-3417/
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